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FOREWORD 


This (joint) report was prepared by the USDA-Science and Education 
Administration-Agricultural Research, North Appalachian Experimental 
Watershed, Coshocton, Ohio and the Ohio Agricultural Research and 
Development Center, Wooster, Ohio under USBM Contracts J0O166055 (USDA- 
SEA-AR) and J0166054 (OARDC). The contracts were initiated under the 
Mining Environmental Research Program. They were administered under 
the technical direction of the Denver Mining Research Center with 
Mr. Gary McIntosh acting as the TechnicaP 3Project Officer: Mr. Brancrs 
M. Naughton was the contract administrator for the Bureau of Mines. 


The Phase I report, concerning premining hydrologic and water 
quality conditions, is a summary of the work completed under these 
contracts during the period January 22, 1976 to January 22, 1976. 


The contracts were awarded for conducting the research as pro- 
posed in a document presented jointly by the USDA-SEA-AR, North 
Appalachian Experimental Watershed and the Ohio Agricultural Research 
and Development Center: A Research Proposal--Research on the Hydrology 
and Water Quality of Watersheds Subjected to Surface Mining (May, 1975). 
The U. S. Geological Survey, the Soil Conservation Service, the 
Muskingum Watershed Conservancy District, the Utah State University, 
and three private mining companies are participants in the studies. 


DISCLAIMER NOTICE 


The views and conclusions contained in this document are those of 
the authors and should not be interpreted as necessarily representing 
the official policies or recommendations of the Interior Department's 
Bureau of Mines or of the U. S. Government. 


PREFACE 


Those organizations and individuals contributing technical infor- 


mation to this report are as follows: 


USDA-Science and Education 


Administration-Agricultural Research 


W. R. Hamon Project management, surface water 
J. V. Bonta hydrology, and instrumentation 
Ohio Agricultural Research 

and Development Center 
G. fe Paha ld Physical characteristics of soils and 
N.cE., “Smeck geologic cores 
Pe Hagchiri Surface water quality 
Se hee bage 
D. L. Forster Economic evaluation 
P. Sutton Literature Review 

U. S. Geological Survey 
J. O. Helgesen Ground water hydrology, quality, and 
Be Ja Welss modeling 

Utah State University 
R. W. Jeppson Unsaturated flow and composite model 


development 


Soil Conservation Service 


Assistance from SCS Personnel in soil survey and engineering design 
work from the Area Office, Coshocton, Ohio and State Office, 


Columbus, Ohio. 


The coordinating committee for the joint project consisted of the 


following members: 


Gary McIntosh 

Technical Project Officer 
Bureau of Mines 

Vee DepL. OL Interior 


W. Russell Hamon 

Project Leader 

North Appalachian Experimental 
Watershed 


U. S. Dept. of Agriculture-SEA-AR 
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Charles R. Krueger 

OARDC Coordinator 

Ohio Agricultural Research 
and Development Center 


John Helgesen 

USGS Coordinator 
Geological Survey 

Use Dep L. Of nterior 


ABSTRACT 


Five watersheds, ranging in size from 29 to 49 acres, were 
selected in East-Central Ohio to investigate the hydrologic and 
water quality conditions occurring before, during, and after surface 
mining. Four of the watersheds will undergo surface mining, involv- 
ing either the Number 6, 9, 11, or 8 coal seams, and one watershed 
having an outcrop of the Number 6 coal will be operated as a control 
watershed. 


To determine the premining hydrologic and water quality con- 
ditions (Phase 1), physical information was obtained for each water- 
shed and instrumentation was installed for obtaining hydrologic data 
and water quality samples. 


In addition to topographic maps, soils and vegetation maps were 
prepared. Stratigraphic columns were developed from geologic cores}; 
networks of observation wells and of soil moisture access tubes were 
installed; and weather stations were established to measure temper- 
ature, humidity, wind and solar radiation, and to collect precipi- 
tation samples. 


Field data were collected over a 10-month period for one water- 
shed and for about 8 months on another watershed before surface mining 
began. The other watersheds continued in the premining data phase. 
These data were for precipitation, temperature, relative humidity, 
wind speed, solar radiation, snow and frozen soil, soil moisture, 
infiltration (rainfall simulator), spring discharge, runoff from 
watersheds, and ground-water levels. Also, samples of runoff and 
ground water were obtained for chemical analyses and additional 
samples of runoff were acquired for suspended sediment load deter- 
minations. 


Over the study period, precipitation was not very representative 
of the long term averages, but data are available from the control 
watershed for a representative 7 year period which should prove 
invaluable in modeling the hydrology of the project watersheds for 
the premined conditions. 


Spring discharges (before mining) from the upper aquifer of two 
of the watersheds averaged only 508 and 652 gallons daily. The 
proportion of precipitation occurring as surface runoff from the 
large watersheds ranged from 8 to 36 percent and the peak discharges 
ETOM, D. 00. CO- 01.05. CUS. 


Base-flow and runoff water samples from four of the watersheds 
(unmined conditions) were collected and analyzed quantitatively for 
39 water quality parameters. Monthly precipitation samples and 
sediment fractions of the base flow and runoff were analyzed for 22 
and 1/7 parameters, respectively. 


The average concentrations of the water quality parameters for 
the watersheds (unmined), except for suspended solids, were as low 
or lower than the EPA recommended maximum allowable concentrations 
in drinking water. Several parameters in precipitation equaled or 
exceeded the levels of corresponding parameters in runoff water. 

The average concentration of suspended solids in storm runoff ranged 
from 118 to°1110 mg/1, and for base flow the range was from 44 to 
247 mg/1; the higher concentrations were associated with the water- 
sheds exhibiting the greatest disturbance. [Iron ranged from an 
average of less than 3 ug/1 to 228 ug/1. Manganese ranged from less 
thane al. Nese to. 334, 9/1. 


Ground-water systems (unmined condition) are described for the 
five project watersheds. Each watershed was found to have two major 
perched aquifers within the top 250 feet. Generally, these perched 
aquifers involve local flow systems, though flow across watershed 
boundaries in some areas. Recharge is mostly from local precipi- - 
tation and discharge is mostly as spring flow, base flow, evapotrans- 
piration, and leakage through the underlying confining bed. Shallow 
ground water was commonly of the calcium bicarbonate type. Although 
dissolved-solids concentration was generally 200 to 600 mg/1, brackish 
or salty ground water was present in several areas. 


A composite hydrologic model for the project watersheds will con- 
sist of separate ground-water, unsaturated flow, overland flow, and 
evapotranspiration component models. The ground-water model (a modi- 
fied quasi-three-dimensional U. S. Geological Survey model) operates 
on a grid network and the newly formulated unsaturated flow model 
was divided into overlying prismatic elements for numerical solutions. 
The unsaturated flow model includes provision for incorporating the 
evapotranspiration model. An available distributed kinemetic overland 
flow model was utilized. 


An analyses was made of one of the costs of reclaiming coal mines; 
the legal and administrative costs of complying with legislation. 
Such Costs borne by coal companies under the Ohio law are thought to 
be a surrogate of these costs under the new Federal law. Regression 
analyses were used to relate the legal and administrative costs to 
acres in the permit and the tonnage of coal produced. 


SUMMARY 


Five watersheds, ranging in size from 29 to 49 acres, were 
selected in East-Central Ohio to investigate the hydrology and water 
quality conditions occurring before, during, and after surface mining. 
Four of the watersheds will be mined, and one will remain undistur- 
bed for use as a control watershed. The Number 6 coal outcrops in 
the control watershed (A06) and the other watersheds will be involved 
in the surface mining of either Number 6, 9, 11, or 8 coal seams, 
designated as Watersheds C06, MO9, J1l, and JO8, respectively. Such 
a selection was made because the different natural and mined geologic 
profiles would be reflected in different soils, in different surface 
and ground-water flow regimes, and in different water quality 
conditions. 


To determine the premining hydrologic and water quality conditions 
(Phase I), as part of the overall study, physical information was 
obtained for each watershed, and instrumentation was installed for 
obtaining hydrologic data and water samples for quality determinations. 


In addition to topographic maps, soils and vegetation maps were 
prepared from field survey data for all the project watersheds. 


Using the county and state soil legends, a total of 26 different 
soils were delineated on the four watersheds which are to experience 
surface mining. Delineations on each watershed were differentiated 
on the basis of the soil series along with percent slope and degree 
of erosion. The five most extensive and representative soils of the 
Coshocton County site (C06) and the Muskingum County site (MO9) were 
sampled and characterized for chemical and physical properties. 


All the study watersheds were underlain by stratified sedimentary 
rocks of the Pennsylvanian System, consisting of shale, siltstone, 
sandstone, limestone, coal, and clay. The rocks were deposited in 
shallow marine or shoreline environments, then subjected to crustal 
uplift resulting in fracturing, a slight regional southeasterly dip, 
and subsequent partial erosion. Several feet of unconsolidated 
weathered rock or soil materials overly the bedrock in most places. 
Stratigraphic columns were developed from geologic cores obtained from 
all the study watersheds, and physical and chemical data were obtained 
for the cores from the four watersheds which are to experience sur- 
face mining. 


Vegetation surveys were made on each of the project watersheds 
in their unmined condition. The data were translated into general- 
ized maps of the major overstory vegetation types, basal area of 
vegetation, and of vegetative cover surrounding soil moisture access 
tubes. 


For adequate evaluation of the hydrology and water quality aspects 
of watersheds subjected to surface mining, weather and surface and 
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subsurface hydrologic data are required. Also for modeling of watershed 
hydrology and water quality, spatial and temporal numerical descrip- 
tions of the hydrologic and water quality components are necessary. 

The hydrologic data collection system for each watershed was designed 

to meet these needs and consisted of the following features: 


1. Weather instruments installed in or near the watershed, 
for measurement of precipitation (dual-gages for cal- 
culating actual precipitation), temperature, humidity, 
wind, incident and net solar radiation, and for obtain- 
ing samples of precipitation. 


2. Sampling points (at weather station and elsewhere) for 
measuring depth and water content of snow and frozen 
soil conditions. 


3. Networks of access tubes to accommodate a neutron probe 
for measurement of soil moisture to a depth of 51 inches. 


4. Springs developed on the outcrop of the coal seams 
scheduled for mining and equipped with HS-flumes to measure 
discharge and to serve for collection of water quality 
samples. 


5. Flow measuring structures (drop-box weirs where heavy 
sediment loads are expected) equipped with instrumentation 
for collecting both discrete and composite water samples. 


6. Sediment ponds immediately downstream of study watersheds 
with the principle spillway consisting of a vertical pipe or 
a riser, equipped with a trash rack and anti-vortex device, 
joined to a pipe extending through the embankment and out- 
letting into a concrete, impact basin. (An appropriate 
chute was constructed as part of the impact basin for 
operation of an H-flume to measure discharge from the pond. 
A Coshocton wheel sampler was used for collection of water 
samples, along with grab samples, for sediment and water 
quality determinations). 


7. On small sub-watersheds, an H-flume, drop-box weir, or 
Parshall-flume installed to measure discharge and to 
serve as water quality sampling sites. 


8. Observation well networks with wells drilled by the air 
rotary method and each cased so as to be open to only one 
of the three major saturated zones. 


Major exceptions to the typical instrumentation design, as related 
to the five project watersheds, were only three small sub-watersheds, 
four weather stations, sediment ponds for three of the four watersheds 


scheduled for mining, limited wells and soil moisture access tube 
for watersheds scheduled for limited mining, and only three spring 
developments. For this report, no runoff or soil moisture data 
were available from the limited mining site (J08) because the 
instrumentation had not been installed. 


Other instrumentation consisted of a portable rainfall simu- 
lator-infiltrometer that was used to determine infiltration charac- 
teristics of selected soils. 


The period of premining record for each watershed, and for 
parameters for a watershed, varied as instruments were installed and 
mining progressed. In general, complete data for the premining con- 
ditions were obtained over a period of 10 months for Watershed C06 
and about 8 months for Watershed MO9. Such data are continuing to 
be collected for Watershed AO6 (not to be mined) and for Watershed 
J1l (yet to be mined). 


Precipitation occurring during the study period departed from 
the long-term average at the C06, MO9, and J1l sites by <+l, -8, and 
+19 percent, respectively. For the longer period (30 months) at the 
AO6 site, the departure was only +/ percent. In general, the seasonal 
precipitation was not very representative of the long-term averages. 


The deepest snow measured was 11.5 inches at the MO9 site in 
January, 1976; a maximum water content of 1.82 was also observed at 
the same time. The deepest frozen ground measurement was 8 inches 
at the CO6 site in February, 1976. 


Soil moisture data obtained to a depth of 51 inches exhibited 
by far the greatest changes in the 0 to 9-inch depth, reflecting 
recharge from precipitation and snowmelt, and discharge to evapotrans- 
piration and percolation. The maximum changes in stored soil water 
for Watersheds C06, MO9, Jill, and AO6 were 3.37, 1.85 3.46, and 4.35 
inches, respectively. 


Infiltration capacity data were obtained for three soils by use 
of a rainfall simulator-infiltrometer system. The time domain of 
infiltration was represented by a three-parameter equation, in the 
form of an analogous resistance-capacitance circuit. At application 
rates of 2.0 and 2.5 inches per hour, equilibrium infiltration rates 
of 0.56 and 1.32 inches per hour were reached in about 3 and 4 hours 
for the Coshocton and Gilpin soils, respectively. The time constant 
of the diminishing infiltration ranged from 0.24 to 1.0-hour. 


Spring discharges at the C06, MO9, and AO6 sites were nearly 
constant for short periods of time and the average daily discharges 
were 652, 508, and 3,923 gallons, respectively. Maximum average 
daily discharges were 3,361, 2,068 and 28,694 gallons for sites C06, 
MO9, and AO6, respectively. Discharge ceased at MO9 and became nearly 
zero at C06 in the late fail. 
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The proportion of precipitation occurring as surface runoff 
amounted to 30, 12, 8, and 36 percent for Watersheds C06, MO9, J1l, 
and AO6, respectively. Peak discharges observed for the period were 
00, Olt JI, O21, tand 15.00 Crs TOT, Watersneds® C06, 9M09;! Jl1,6and 
A06, respectively. Runoff from the small watersheds was rather low, 
ranging from less than one to only 4 percent of the precipitation. 
Runoff for.the AO6 control watershed was erratic during 1977 with a 
yearly excess of 13 percent over the long-term average. 


Runoff under stable surface conditions was observed from 1967 
through 1977 with a three-year break in the record from July 1972 
through June 1975. These data should prove invaluable in modeling 
the hydrologic behavior of the project watershed for unmined con- 
ditions. 


Base-flow and surface runoff water samples from the four water- 
sheds (C06, MO9, J11l, and AO6) were collected and analyzed quantita- 
tively for 39 water quality parameters. In addition, sediment 
fractions of the base-flow and runoff, and monthly precipitation 
samples were analyzed for 17 and 22 parameters, respectively. 


When data from base flow and surface runoff were compared for 
all watersheds, the concentrations of anumber of parameters showed 
general trends. The average concentrations of aluminum, iron, 
manganese, and suspended solids in base flow were lower than in 
surface runoff while alkalinity, hardness, strontium, sulfate, and 
dissolved solids were higher. The largest difference was observed 
in suspended solids, which was clearly related to flow rate. 


Considering the average concentrations of different water quality 
parameters in water samples from the four watersheds, it was evident 
that the concentrations were as low or lower than the recent (1977) 
U.S. Environmental Protection Agency recommended maximum concentra- 
tions in drinking water. 


The analyses of monthly precipitation samples revealed that the 
concentrations of several parameters in precipitation equaled or 
exceeded the levels of corresponding parameters in runoff water. 


The concentrations of the measured parameters from base-flow 
and surface~runoff sediment samples for Watersheds C06 and MO9 were 
compared. With the exception of TOC, no concentration differences 
between base flow and storm runoff from the C06 site were noted. For 
the MO9 site, however, except for cadmium, the concentrations of all 
constituents in the base-flow sediment fractions were higher than 
in storm runoff. 


Suspended solids were determined from both base flow and storm 
runoff events for Watersheds C06, MO9, and J1l, while in premined 
conditions, and from the control watershed (A006). The average con- 
centrations of suspended solids in storm runoff were 870, 1110, 118, 
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and 144 mg/1 for Watersheds C06, MO9, J1l, and AO6, respectively. 

In this sequence, base flow concentrations of 247, 157, 44, and 45 
mg/l were observed. The amount of disturbance in the watersheds 
decreased in the same sequence. Watershed C06 experienced some road 
construction for installation of ground-water wells; MO9 had not com- 
pletely recovered from the development of a gas well which involved 

an access road; Jll had a gravel road for part of its upper boundary 
with an access road in the upper reaches; and AO6, the least disturbed 
and wooded, had an old gravel road on the eastern slope and experi- 
enced minor disturbance at one ground-water well development site. 


Premining ground-water systems were described for the five pro- 
ject watersheds. Geologic cores were obtained from each watershed 
and observation wells established as previously discussed. 


Core-hole and drill-hole information showed that two major perched 
saturated zones (aquifers) underlay each watershed. Relatively imper- 
meable clay or shale beds that underlie coal seams served as the bases 
for these aquifers. Generally, water in these two aquifers constituted 
local flow systems, whereas deeper ground water was part of more 
regional flow systems. Top-aquifer ground water in each watershed was 
recharged from precipitation and moved downward to the middle aquifer 
or laterally toward the coal outcrop; discharge was by spring flow or 
seeps, evapotranspiration, and downward leakage through the underclay. 
The middle aquifer received some recharge directly from precipitation, 
seepage along the upper coal-clay-outcrop, and from leakage through the 
clay supporting the top aquifer. Discharge was mostly as stream base 
flow, evapotranspiration, or downward leakage to the deep aquifer. 
Underflow across watershed boundaries occurred in the deep aquifers 
and in parts of the perched aquifers at MO9 and AO6. Ground-water 
levels, spring flow, and streamflow followed seasonal trends in precip- 
itation. However, direct response to rainfall or snowmelt was not 
evident because of the time needed for percolation through unsatu- 
rated zones. 


Analyses of aquifer tests at MO9 and AO6 indicated hydraulic 
conductivity values of about 1038. to.vL0<° ft/sec. Using pumping 
test data, type-curve analyses, and computer simulations yielded 
similar values of hydraulic conductivity. . Best computer simulations 
were obtained by using values of specific yield in the range of 
On2e toe 0 Siiie. 


Ground-water quality varied considerably between and within water- 
sheds. Much of the shallow ground water was of the calcium bicarbonate 
type; deeper water was of diverse water types and was generally more 
mineralized. Although dissolved-solids concentration was commonly 200 
to 600 mg/1, brackish or salty water occurred in parts of the middle 
and deep aquifers of MO9 and AO6. Hardness of most ground water was 
150 to 300 mg/1 and pH was 6.5 to 8.0. 
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The modeling effort was directed toward watershed hydrology 
without water quality components. Water quality will be incor- 
porated at a later date. The model will consist of several separate 
component models which will be linked together to provide a com- 
posite model for simulation of surface and subsurface hydrology. The 
component models will consist of a ground-water model, an unsaturated 
flow model, an overland flow model, and an evapotranspiration model. 


The ground-water model was structured on a grid network and 
the unsaturated zone was divided into overlying prismatic elements for 
numerical solution. The unsaturated water movement in each such ele- 
ment was considered to be one-dimensional in the vertical direction. 
Lateral movement was restricted to surface and ground-water flows. 


An unsaturated flow model was formulated and the computer program 
written. This model is operational on a stand-alone basis. It 
includes provision for evapotranspiration, and is capable of emulating 
vertical, one-dimensional water movement in individual prismatic 
elements. 


An available distributed kinematic overland flow model is being 
used to simulate surface flow. 


A modified U. S. Geological Survey ground-water flow model was 
used to simulate flow in these multi-aquifer watersheds. The model is 
quasi-three-dimensional in that vertical flow is simulated between 
aquifers and ground-water flow within an aquifer treated as two- 
dimensional. Input to each simulation included: ground-water recharge 
rate, aquifer hydraulic conductivity, confining bed leakance, and 
stream and spring coefficients. 


In these initial ground-water modeling efforts, an instantaneous 
state was selected for simulation because of its simplicity, and a 
recharge rate thought necessary to maintain that state was incor- 
porated. Small errors in estimated recharge resulted in simulation of 
accurate potentiometric surfaces when confining bed leakance was 
adjusted. 


A model with the same constant parameters for top and middle 
hydrologic units generated good simulations of C06 ground-water 
levels, except in the eastern part of the top aquifer. In that area, 
a higher top confining bed leakance could bring that simulated 
potentiometric surface into better agreement with field observations. 
For MO9, an accurate simulation of observed water levels was achieved 
with a top aquifer hydraulic conductivity of 2 x 10-/ ft/sec or less, 
and with an areal variation in the top confining bed leakance. 


An analysis was made of one of the costs of reclaiming coal mine, 
the legal and administrative costs of complying with legislation. 
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The Ohio stripmine laws were reviewed and found to be among the most 
demanding state reclamation laws in the nation. The requirements of 
the Federal Surface Mining Control and Reclamation Act of 1977 were 
examined and found to be very similar to those of the Ohio stripmine 
laws. In some cases the Federal Act is more restrictive, but the legal 
and administrative costs borne by coal companies under the Ohio law are 
thought to be a surrogate for these costs under the new Federal Act. 


A survey of Ohio surface mine operators was used to collect legal 
and administrative cost data. Regression analysis was used to relate 
legal and administrative costs to acres in the permit and the tonnage 
of coal produced. 


Results indicate legal and administrative requirements may cost 
the smaller operator as much as $500 per permit-acre and $0.36 per ton 
of coal. Larger operators may incur costs of $100 per permit-acre and 
SO 701 per econ, 


A portion of these costs were fees paid to the Ohio Department of 
Natural Resources, Division of Reclamation, for administration of the 
state reclamation law, and fees paid to the Ohio Environmental Pro- 
tection Agency. Generally, these fees covered rule making, monitoring, 
and enforcement expenses by the state government. 
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I. INTRODUCTION 


A. Background 


Energy demands in the future will probably exceed the available 
energy supplied by oil and natural gas which will necessitate an 
increase in the production of coal. Much of this increased demand is 
likely to be satisfied by increased production of coal from surface 
mining. As a consequence, there will be an increased need for environ- 
mental and economic information on mining and reclamation. In Appa- 
lachia, land disturbed by surface mining, to obtain coal for electric 
power production and other uses,can have profound effects in, and down- 
stream of, an affected watershed, on runoff, erosion, and water quality. 


Strip mining may affect the hydrology of surface mined areas by 
altering runoff rates, erosion, and sediment transport. Barren spoil 
and applied topsoil material may have decreased infiltration rates, 
thereby increasing flow rates of runoff from mined areas. Such increased 
runoff erodes the areas and impedes reclamation while carrying soil 
particles that cause sedimentation of waterways and reservoirs. Until 
such areas become stabilized with vegetation, the erosion and sedimen- 
tation processes will continue. 


A wide range of new hydrologic information is required to assess the 
erosion and sedimentation potential for different materials and vegeta- 
tive covers, the design of sediment dams, and the soil water flux to 
estimate the acidity of drainage water. In addition, the effects of 
surface mining on the hydrologic regime need to be established for a 
full determination of the quantity and quality of runoff from watersheds 
before, during, and after mining. 


Numerous studies have been conducted on the reclamation of surface 
mine spoils by revegetation, and other studies have investigated the 
chemical and physical properties of spoils to identify the spoil materials 
which may cause environmental damage. fEnformation is béing obtained for 
developing guidelines for the selection and placement of spoil materials 
on the basis of their physical and chemical properties to insure optimum 
vegetative cover and to minimize acid production. Little information, 
however, is available to meet the pressing need to determine acceptable 
slopes and slope lengths to minimize erosion. 


The establishment of vegetation on spoils in the Appalachian Region 
is the most difficult where pyritic materials have been placed on or near 
the surface. Due to oxidation of sulfur, the acid and salts are released 
which in turn increase the acidity of the mine soil.’ In addition to high 
acidity, many spoil banks are low in fertility, have low water holding 
capacity, and contain toxic amounts of manganese and aluminum. These 


factors help to create barren spoil banks incapable of supporting plant 
life. Through a chemical and physical evaluation of the strata obtained 
by core drilling the most undesirable materials can be identified and 
covered during the mining operation, thus avoiding the creation of a 
toxic spoil bank. .Federal laws now require soil to be stockpiled and 
reapplied on the surface of the spoil bank. An evaluation of this 
requirement needs. to be made from the hydrologic, soil erosion, and 
plant establishment and growth standpoints. 


The aforementioned problems can be studied by establishing mathe- 
matical relationships of the separate and definable chemical and physical 
processes and, with the aid of computers, an evaluation can be made of 
the inter-relationships under given boundary conditions. In such a 
computer model, the hydrologic behavior could be structured on physi- 
cally based hydrologic concepts; the erosion and sediment yield subsystems 
could be defined in terms of surface materials, slopes, cover, precipi- 
tation, and surface runoff; and the generation of acid water drainage on 
pyrite oxidation kinetics and oxidation product removal. Such a computer 
model to simulate the dynamic soil-water-chemical system could be useful 
in predicting spoil placement, reclamation treatments, runoff and sedi- 
ment yield, and acid water drainage for the minimization of environmental 
pollution under economic constraints. 


Models are essential to understanding and predicting the transport 
of water, sediment, and chemicals through a watershed system. In the 
natural environment, a watershed offers an appropriate element for 
modeling because all controlled surface water exits through the stream 
channel. 


Studies have been conducted to describe various conditions of differ- 
ent watersheds with models. Existing models can be evaluated as to their 
applicability in developing a model for the study of watersheds for both 
pre- and post-surface mined conditions. 


A description of the hydrogeology of watersheds and the water 
quality characteristics of the aquifer systems for pre- and post-surface 
mining conditions is needed. A ground-water model can be developed or 
adapted for simulation of the ground-water flow conditions and movement 
of solutes for the pre- and post-surface mining condition. 


Costs to obtain the necessary physical, chemical, and hydrologic 
data, including legal and administrative costs, required for surface 
mining permits need to be evaluated. The costs for obtaining these data 
at various degrees of accuracy and completeness and the costs and bene- 
fits of alternative degrees of control of runoff, sediment, and water 
quality should be evaluated. It is essential that the different pro- 
cedures in reclamation be evaluated as to cost and their effects on the 
environment. 


B. Study Objectives 


The motivation for the study was the Federal surface mine legisla- 
tion passed by the 94th Congress which was later enacted by the 95th 
Congress as Public Law 95-87, "Surface Mining Control and Reclamation 
Act of 1977." The Federal Energy Administration and the U. S. Bureau 
of Mines outlined some basic study needs for obtaining desired hydro- 
logic and water quality data from watershed subjected to surface mining 
through the three phases: (1) premining, (2) mining, and (3) postmining. 
Methods or procedures were also desired for use in answering the broader 
questions of how surface mining influences hydrology and water quality, 
and what would be the economic and environmental impacts of a more com- 
prehensive regulation of surface mining and reclamation. 


The study, sponsored by the U. S. Bureau of Mines, for reaching 
these overall goals involved a joint effort by the USDA-SEA-AR, North 
Appalachian Experimental Watershed, Coshocton, Ohio, and the Ohio Agri- 
cultural Research and Development Center (OARDC), Wooster, Ohio, in 
cooperation with the U. S. Geological Survey (USGS), the Soil Conser- 
vation Service (SCS), the Utah State University (USU), the Muskingum 
Watershed Conservancy District, and three private coal mining companies. 


The specific objectives of the study were divided into tasks for 
which the USDA-SEA-AR and the OARDC were responsible, with designated 
contributions for tasks undertaken by the USGS, SCS, and USU under 
reimburseable cooperative agreements. These objectives and tasks are 
as follows: 


Objective 1: Obtain and analyze hydrologic and water 
quality data from a control watershed; from four other watersheds 
(30 to 50 acres in size) before, during, and after surface 
mining of different coal seams; and from erosion and treatment 
plots. 


Tasks: 


1. Install flumes and water samplers at outlet of each 
study watershed; weirs to measure spring flows; soil 
moisture access tubes; and weather instruments (USDA). 


2. Install weirs and water samplers on sediment ponds, 
and water measuring and sampling equipment on erosion 
and treatment plots (USDA). 


3. Reinstall flumes, water samplers, and soil moisture 
access tubes following surface mining (USDA). 


4. Obtain water flow measurements and collect water and 


sediment samples (USDA-OARDC), and analyze samples 
(OARDC) . 


meet: 


5. Apply reclamation treatments to treatment plots, and 
collect runoff samples and plot data (OARDC). 


6. Evaluate the available data relative to runoff, 
erosion, water quality, and reclamation (USDA-OARDC). 


Objective 2: Characterize the study watershed and plots, 
and obtain physical and chemical data for the soils and overburden 
materials before surface mining and for the replaced topsoil and 
underlying spoil material after surface mining. 


Tasks: 
1. Map and characterize soils on study watersheds (SCS-OARDC). 


2. Collect samples and conduct analyses of physical and 
chemical properties of soil materials (OARDC). 


3. Obtain geologic cores from study watersheds (USGS). 


4. Determine chemical and physical parameters on 
geologic cores (OARDC). 


5. Map the reconstituted soils on reclaimed study 
watersheds (SCS). 


6. Collect samples and conduct analyses of chemical and 
physical properties of the reconstituted soils and 
underlying spoil materials (OARDC). 


7. Measure water infiltration and percolation charac- 
teristics of the undisturbed and reclaimed watershed 
soils (USDA-SCS-OARDC) . 


Objective 3: Describe the hydrogeology of the watersheds 
and the water-quality characteristics of the aquifer systems for 
pre- and post-surface mining conditions, and develop or adapt a 
ground-water model for simulation of the ground-water flow 
conditions and movement of solutes for the pre- and post- 
surface mining conditions. 


Tasks: 
~1.* Obtain geologic cores for stratigraphic correlation and 
chemical and mineralogical analyses of stratigraphic 


units oCUSES)). 


2. Drill observation wells and install water-level recorders 
(OARDC-USGS). 


3. Collect water level, water quality, geophysical, and 
aquifer characteristic data (USGS). 


4, Describe the hydrogeologic system, develop conceptual 
models of ground-water flow and solute-transport 
systems, and develop or adapt digital computer models 
to simulate ground-water flow (USGS). 


5. Reinstall observation wells that are destroyed during 
mining phase (OARDC-USGS). 


6. Adjust ground-water model for simulation of postmining 
conditions (USGS). 


7. Prepare required reports (USGS). 


Objective 4: Develop or modify a computer model to simulate 
the hydrologic and water-quality regimes of the study watersheds 
for both pre- and post-surface mined conditions, by incorporating 
mathematical representations of separate models for the water 
flow components and sediment and chemical transport, with 
emphasis on selection of model parameters that can be reasonably 
acquired for non-study areas within the physiographic region .for 
application of the model. 


Tasks: 


1. Develop or modify a computer model for simulation of 
watershed hydrologic and water quality components for 
premining conditions (USDA). 


2. Modify or adjust a computer model for simulation of 
postmining conditions of runoff, sediment yield and 
water quality with incorporation of a ground-water 
model as developed under Objective 3 (USDA). 

3. Utilize the watershed model to simulate the response 
of the study watersheds over a full range of climato- 
logical conditions and for different reclamation 
treatments (USDA). 


Objective 5: Determine costs to obtain the necessary 
physical, chemical, and hydrological data, including legal and 
administrative costs, as required for surface mining permits as 
well as costs for obtaining these data at alternative degrees 
of accuracy and completeness; and determine costs and benefits 
of alternative degrees of control of runoff, sediment, and water 
quality. . 
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Tasks: 


1. Estimate legal and administrative costs of obtaining 
necessary data required to obtain mining permits 
(OARDC) . 


2. Estimate relationship between reclamation costs 
and alternative degrees of control of erosion, 
sedimentation, and runoff (OARDC). 


3. Estimate benefits received under an alternative 
method of water pollution control (OARDC). 


4. Evaluate alternative water pollution control rules in 
terms of results and costs (OARDC). 


C. Literature Review 


1. Surface-Water Hydrology 


Much of the literature on hydrologic studies associated with 
mining deals with the evaluation of acid mine drainage from both deep 
and surface mines. In some cases the hydrology and water quality 
conditions of unmined watersheds were monitored. 


Surface-water hydrology is influenced by various parameters such 
as rainfall intensity and amount, soil properties and moisture status, 
topography, type and amount of soil cover, etc. . (Pennington, 1975). 
Most of the mining areas in the Appalachian Region are located in hilly 
terrain and subject to relatively high rates of runoff before mining. 
Collier et al. (1970) reported that nearly 48 percent of the annual 
precipitation (117 cm, 46.1 in.) in Southeastern Kentucky ran off from 
basins having drainage areas of 388 sq. km (150 sq. mi.) or less. It 
was found that from January through March the total runoff was approxi- 
mately 30 cm (12 in.). The runoff was highest: @1i34 cm. 4. .4in. in 
February and lowest runoff, averaging between 0.25 cm (.10 in.) and 0.51 
cm (.20 in.), was observed in October. In dry years, however, they found 
no measurable runoff during September, October, or November. In Eastern 
Pennsylvania, with an average annual precipitation of approximately 
109 cm (43 in.), the infiltration and surface runoff were approximately 
27 cm (11 in.) each in unmined watersheds (Pennington, 1975). 


McGuinness and Edwards (1975) reported runoff data from two soils 
in Ohio; namely, Keene (moderately well-drained, slowly permeable) and 
Rayne (well-drained, moderately permeable) under a four-year rotation 
(corn, wheat, meadow, and meadow) for the period 1945-1968. During the 
growing season the average monthly runoff was 1.1 cm (.43 in.) and 
0.48 cm (0.19 in.) for Keene and Rayne soils, respectively. During the 
dormant season the average monthly runoff for the Keene soil averaged 
4.2 em (1.7 in.) of runoff compared’ with. |.07cm (7359 in.) st orenayies 


In Ohio, the sandy soils have a capacity to retain approximately 
2.54 cm (1.00 in.) of water and the clays approximately 10 cm (3.9 in.) 
per 30 cm (12 in.) of soil (Agronomy Guide, 1977).. 


Curtis (1977) reported that soils on a forested watershed in 
Southeastern Kentucky are relatively thin, generally:from 0.3 m (1 ft.) 
to 0.9 m (3 ft.) thick and have a water retention ranging from 7.6 cm 
(3. Cin.) stow oes CLO ster 


The U. S. Soil Conservation Service (1969) has developed procedures 
for predicting runoff from precipitation, potential storage as adjusted 
for soil cover and: land use, and) infiltration, ratésstor.a wee soi 
profile. The latter factor is incorporated by. assigning soils into 
four ‘hydrologic“groups; *i:e., A,i°B;+€,;; and-D. sGroup-A.refers,to,sodls 
which are typically coarse, deep sands having high rates of infiltration 
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and internal water movement. Soils in Group D are mostly clay having 
high swelling characteristics with low rates of infiltration and 
internal water movement. Shallow soils that have nearly impermeable 
subhorizons belong to the D group. Soils in Groups B and C have 
characteristics intermediate between Groups A and D. In a study con- 
ducted in Southeastern Kentucky on three watersheds, approximately 
one-third of the soils were in Group B and two-thirds in Group C 
(Musser, 1963). 


2. Surface-Water Quality 


Surface-water quality may be affected by soil type, topography, 
intensity and duration of rainfall, and vegetative cover. For South- 
eastern Ohio, Youngquist (1959) reported that there is a natural range 
in dissolved and suspended solids which results largely from the 
manner and time it takes precipitation to reach the streams. All 
natural waters contain dissolved mineral matter composed principally 
of silica, iron, manganese, calcium, sodium, potassium, bicarbonate, 
‘sulfate, chloride, fluoride, and nitrate. Generally the quantity of 
dissolved matter in the water depends on solubility of minerals (present 
in rocks and soils) in the drainage basin (Youngquist, 1959). 


During rainy periods, and when snow-melt runoff reaches the stream, 
the quantity of dissolved salts in the water can be relatively small, 
and the quantity of suspended solids is usually relatively large because 
of high flow rates. During dry periods when a large proportion of the 
water travels at a low velocity through stream channels, (the source of 
the water being ground water), the concentrations of dissolved salts are 
ordinarily much higher and of the suspended solids much lower. 


Studies have been conducted to determine surface-water quality for 
unmined watersheds in Eastern Kentucky for use as a reference for mined 
watersheds (Dyer and Curtis, 1977; Collier et al., 1970). 


Collier et al. (1964) studied the stream water quality from a 
forested watershed in Southeastern Kentucky and found that generally 
the concentration of dissolved solids was less than 30 ppm and the 
PH of water ranged from 5.0 to 7.2. The principal ions found in the 
water were calcium, magnesium, bicarbonate, and sulfate. Silica 
accounted for about 25 percent of the total dissolved solids of the 
stream. Also, another study conducted in Southeastern Kentucky to 
determine the effect of mining on water quality has been reported on by 
Cittis (10772a.,19/2b, 1973, 1974) and Dyer and Curtis (1977). The 
means of water quality and discharge values for an unmined watershed 
from 1968-1975, reported by Dyer and Curtis (1977), were as follows: 
discharee 61-2°cm (2431 in.) turbidity (T.U.) 19, conductivity 
(micromhos/cm) 77, pH 6.8, sulfate (ppm) 15, chloride (ppm) 3.3, bicar- 
bonate (ppm) 17, calcium (ppm) 5.3, magnesium (ppm) 3.0, sodium (ppm) 
2.7, potassium (ppm) 1.8, iron (ppm) 0.1, aluminum (ppm) 0.04, manganese 
(ppm) 0.006,and zinc (ppm) 0.01. These elements occur in rocks and soils 
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and most are found in low concentrations in surface waters that have not 
been polluted with wastes from municipal or industrial areas (Hubble and 
Collters 2960). 


3. Ground-Water Hydrology 


The influence of coal mining on the quantity and quality of ground 
water for domestic use in rural areas is of considerable interest. 


Musser (1963) reported that in most of the eastern coal fields 
the boundaries of the ground-water drainage are approximately the same 
as the boundaries of the surface drainage. The slight dip of the beds 
and the orientation of fractures cause some variations in ground-water 
drainage, but these variations are probably small. The slow movement 
of water at great depth is independent of the topography and probably 
is not significantly affected by surface mining. 


Brown and Parizek (1971) found that three separate water tables 
were present within the rocks associated with deep mines developed 
in the lower Kittanning "B'" coal of the Allegheny Series in the 
Kylertown, Pennsylvania, area. The uppermost water table was within 
sandstones, siltstones, and shales above the coal, with a maximum thick- 
ness of approximately 30.5 m (100 ft.). The second water table was 
associated with the mined-out coal seam. The third water table was 
within the more massive and extensive sandstone of the Pottsville 
series. Parizek and Tarr (1972) reported that a similar hydrogeologic 
setting involving two or more distinct water tables occurs in many 
other mining regions. 


According to Musser (1963) shallow ground water moves from topo- 
graphically high areas to discharge into streams as is normal in humid 
regions. Generally, the recharge occurs in the higher areas and dis- 
charges occur in the lower areas (Herring, 1977). 


Hollyday and McKenzie (1973) found that in hilly terrains precipi- 
tation that enters the upper and middle part of each hill, moves verti- 
cally down through the soil and rock, moves horizontally through frac- 
tured sandstones, and then is discharged from the aquifers. Some of 
the water moves deeper into the underlying rock formations to recharge 
the deeper part of the ground-water flow system, then moves longer 
distances horizontally under the hills and small upland streams, and 
finally moves upward to be discharged into major streams. 


The quantities of water available from the ground-water system by 
wells will depend upon the hydraulic properties of the aquifer 
(Carswell and Bennett, 1963). In Southwestern Ohio, large supplies of 
water are available to wells only from the unconsolidated deposits of 
sand and gravel in the major river valleys (Youngquist, 1959). The bed- 
rock beneath most of the area consists of alternating sandstones and 
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shales with some limestone. Where thick porous sandstones are present, 
more water is available than where bedrock is predominately shale. In 
Western Pennsylvania, Carswell and Bennett (1963) found sandstones of 
the Pennsylvanian and Mississippian ages to be generally much higher in 
both lateral and vertical permeability than shales of these ages. 


The coefficient of permeability, which is a measure of the 
capacity of the medium to transmit fluid, depends on both lateral and 
vertical permeability. Tests conducted in Western Pennsylvania indicated 
the permeability of sandstone ranged from 370 liters (9.08 gal.) to 
1,439liters per day per square meter (35.3 gal. per day per ft.2) 
(Carswell and Bennett, 1963). They concluded that the Homewood sand- 
stone member of the Weshannock quadrangle with a thickness of 6.1 meters 
(20° ft.) to’ 12.2 meters (40 ft.) had a*transmissivity range of about 
2,466 liters (200 gal.) to 17,266 liters per day per meter (1,390 gal. 
per day per ft.). Herring (1977) reported that permeabilities in the 
Eastern Interior Coal Province ranged from 41 liters (1.0 gal.) to 
1,019 liters per day per square meter (25 gal. per day per ft.) This 
area is located in Illinois, Indiana, and Western Kentucky where the 
bedrock consists predominately of shale, sandy shale, and sandstone 
with minor amounts of limestone. 


4. Ground-Water Quality 


The pollution of ground-water supplies is a major concern because 
of the time and difficulties involved in restoring the original water 
quality. Acid mine drainage from coal mining may pollute underlying 
aquifers through joints, fractures, and abandoned oil and gas wells. 
In Arkansas, oil well drillings resulted in deep water aquifers being 
polluted. After the oil wells were plugged to stop the source of 
pollution, it was estimated that it will take 250 years for a complete 
restoration of the original water quality (Emrich and Meritt, 1969). 


As was mentioned before, generally, the quantity of dissolved 
solids in the ground water depends upon the solubility of minerals in 
the drainage basins. In the coal basins of Western Maryland, Hollyday 
and McKenzie (1973), found that water unaffected by mine drainage from 
six wells ranging in depth from 13.7 meters ( 44.9 ft.) to 152.4 meters 
(500.0 ft.) had dissolved-solids concentrations ranging from 35 to 
305 mg/1, with a median of 170 mg/l. Calcium concentrations ranged 
from 6.0 to 75 mg/1, magnesium 2.3 to 15 mg/l, and bicarbonate 27 to 
292 mg/1. Although the wells were open to one or more coal seams, the 
concentration of iron did not exceed 0.8 mg/l and the sulfate did not 
exceed 45 mg/1. 


Pietz et al. (1974) established wells in Fulton County, Illinois, 
to monitor ground-water quality in undisturbed and mined areas. The 
area is located in a Pennsylvanian age formation consisting mainly of 
Canton shale with thin sandstone, limestone, and coal beds (Bergstrom, 
1956). For the undisturbed area the means and frequencies of detection 
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for the selected chemical parameters were: Total P (14 mg/1, 86.4%), 
Cl (11.9 me/1,. 99.327), SOgs (27 me/1, 96.6%). KjeldanieN ((.2Z2ome/ 
80.8%), NH3-N (1.04 mg/l, 94.6%), NO» + NO, - N (0.82. m¢/.., Oo<57) 
K (1.5 mg/l, 97.92); Na..(30.4eme/1,. L002). Cay ClLO3s 2ome/ i LOO. 7, 

Me (56.8 mg/l, 100%), Zn (O.2amg/7i,e L002), «cd (0.000ime/ 12 107) auw 
(0.04 mg/1,. 67.87),,, Cr. (0. 003me/1, 220.17) 5 Ni- (0302 -moy ea 2 e 
Mn (0.86 mg/1, 100%), Pb (0.08 mg/1, 70.5%), Fe (18.3 mg/1, 100%), 

Al. (028 me/ 1. Ge 2 eo candahe. CO. / me yt s4.U, lee 


In a coal mining area of Western Pennsylvania, Caruccio (1968) 
measured the calcium and sulfate levels in water samples from wells. 
The calcium concentrations of the water ranged from 0 to 38 mg/1 and 
the sulfate ranged from 0 to 72 mg/1. 


In the Eastern Interior Coal Province, Herring (1977) found that 
the dissolved-solids concentrations of ground water obtained from 
shallow aquifers ranged from 50 to 250 mg/1 in the unglaciated, hilly 
areas and from 150 to 400 mg/1 for the glaciated areas. The deep aqui- 
fers may contain a sodium-bicarbonate or sodium-chloride type water. 
Total dissolved solids in the ground water from the Lisman Formation 
was approximately 325 mg/l for an undisturbed area near Central City, 
Kentucky (Herring, 1977). 


5. Approaches to Watershed Modeling 


Water transport in a watershed system can be described by con- 
sidering the porous medium as a continuum and utilizing the partial 
differential equations representing three-dimensional saturated- 
unsaturated flow coupled with equations of unsteady free-surface flow 
as presented by Freeze (1972a, 1972b). The movement of chemicals 
through porous media by water and the chemical reactions that occur 
during movement can also be described by partial differential equations 
as reviewed by Boost (1973). The partial differential equations 
involved can be solved by finite difference techniques. Similar appli- 
cations can be made to the unsteady flow of water (Reddell and Sunada, 
1970) and to the transport of dissolved substances by unsteady, free- 
surface flow (Bella and Dobbins, 1968; Dresnack and Dobbins, 1968; and 
Harleman et al., 1968). 


The major portion of the precipitation falling on a watershed is 
lost back to the atmosphere by the processes of evaporation and trans- 
piration (evapotranspiration) and this important water-flow component 
must be included in any continuous hydrologic model. An energy balance- 
resistance approach (Hamon and Belt, 1973), appears to have merit for 
watershed predictions of evapotranspiration and requires estimates of 
solar radiation, wind, temperature, humidity, surface roughness, and a 
relative surface resistance term which is dependent on the vegetative 
cover and the available soil water. 
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On a watershed scale, simplification of mathematical models for 
describing the transport of water, sediment, and chemicals for any 
practical application must be made. Such is the case when the non- 
linear equations are linearized (Dooge and Harley, 1967); when the 
kinematic approximations of surface flow equations are made (Woolhiser 
and Liggett, 1967); and when molecular diffusion and hydrodynamic dis- 
persion in transport of chemicals through porous media are neglected 
(Nelson and Eliason, 1966). 


Models that have experienced practical application are of the 
lumped or compartment form and rely on parameters for simulation of 
hydrologic processes, such as the Stanford Model (Crawford and Linsley, 
1962) and the Hydrograph Laboratory Model (Holtan et al, 1971). The 
Stanford Model has been applied to agricultural watersheds in Ohio 
(Ricca, 1972) and modified to accommodate multiple ground-water recession 
constants for basins with a stratified geology. Peck (1966) describes 
the lumped continuous simulation model used by the National Weather 
Service. This model was developed for forecasting purposes. It simu-. 
lates all the major components of watershed hydrology. The model was 
developed so that each parameter had a physical interpretation for 
which bounds could be established. Parameter optimization is required 
but, based on experiences and because of the physical interpretation of 
the parameters, reasonable initial values are possible allowing quicker 
convergence to a final set of parameters. Shanholtz and Lillard (1971) 
modified the Stanford Watershed Model to study the hydrology on agri- 
cultural watersheds. The problems of using lumped and calibration type 
models became apparent in their simulation work; the final set of cali- 
brated parameters depended on the time interval of the recorded flows 
used, and the components considered important for simulation. 


In contrast to the lump type models, distributed models describing 
the spatial variability of surficial features have been developed. 
Holtan et al (1975) developed the USDAHL Model (U. S. Department of 
Agriculture Hydrograph Laboratory Model), which is a distributed con- 
tinuous simulation hydrology model. This model uses zones, or hydro- 
logic response units, as hydrologically homogeneous areas over which 
infiltration and evapotranspiration are averaged to describe the hydro- 
logic system. Also, the soil profile in each zone is separated into 
layers. The surface water from each zone cascades to the more down- 
stream zones. Some empirical relations between measurable parameters and 
hydrologic processes were combined in the overall model. The USDAHL 
Model has been used to simulate water yield and to assess the hydro- 
logic effects of land-use change on a 40-acre watershed in Ohio asso- 
ciated with the Middle Kittanning No. 6) Coal (Langford and McGuinness, 
1976). Onstad and Brakensiek (1968) developed a distributed event- 
based hydrology model using the stream tube concept. A stream tube 
is part of a flow net delineated by a pair of lines perpendicular to 
contour lines, wherein the flow is assumed to be confined. Flow is 
treated as lateral inflow into the stream channel. Gupta and Solomon 
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(1977), Solomon and Gupta (1977), and Gupta and Solomon (1977) 

describe in their series of papers a distributed watershed model 

using a surface grid approach. Their model was developed to use fun- 
damental relationships which require only readily available data. All 
components of the hydrologic cycle were modeled including ground water. 
Knapp et al (1975) developed a distributed continuous hydrologic model 
which simulated the different components of the hydrologic cycle 
including the ground-water piezometric surface. The area was divided 
into homogeneous grid units of one square mile for the ground-water 
component. Larger blocks of area were considered for the surface 
where flow was assumed to occur in the stream channels rather than 

as overland flow. Huggins et al (1977) developed a distributed 
parameter, event-based model for use as a planning tool. The model 
essentially simulates overland flow and does not consider ground- 
water flow or storage. Grids represent the surface of the watershed. 
Erosion and subsurface drainage models have also been coupled with this 
surface model. 


The erosion process (detachment, transport, and deposition of 
soil particles) has been modeled (Meyer and Wischmeier, 1969; Meyer, 
1971) but practical solutions for erosion and sediment yield pre- 
dictions, at present, rely on empirical approaches (Wischmeier and 
Smith, 1979; Wischmeier and Mannering, 1969; Wischmeier et al, 1971; 
and Williams and Berndt, 1972). A mathematical watershed sediment model 
has been presented by Onstad (1973). 


6. Economics 


Surface mining presents a classic case of the "externality" 
problem. Briefly, the externality problem is present when all the 
costs or all the benefits of a process are not internalized by the 
producer or consumer. In the case of surface mining, the coal mine 
production process of the operator may create an unsightly landscape 
and water pollution problems. Only a small portion of the costs of the 
marred landscape is borne by the producer. Most of these monetary and 
aesthetic costs must be borne by others in the community. Similarly, 
the costs of water pollution are not borne by the producer but by the 
downstream user. 


Society has determined that these externalities must be lessened. 
State legislatures and the U. S. Congress have enacted laws which 
require producers to reclaim surface mine lands and control pollution. 
A collective decision has been made to lessen the external costs and 
to force producers to bear the involved costs. 


The objective of economic research is to help decision makers 
analyze problems. This analysis commonly is done by evaluating the 
benefits and costs of alternative courses of action. The problem of 
externalities from surface mining is analyzed by viewing the benefits 
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and costs of reclamation. Society enjoys obvious benefits from 
reclamation such as improved aesthetics, improved productivity from 
the reclaimed land, economic growth potential in the community 
surrounding surface mines, improved water quality, and so forth. 

But society must also bear costs to reclaim land. Eventually, the 
reclamation costs borne by the producer is reflected in the price of 
coal and consumers pay the costs. 


Thus, the questions typically posed by economic research are: 
1. What are the societal benefits of reclamation? 
2. What are the societal costs of reclamation? 
3. Who benefits and who bears the costs? 


In surveying the literature, little work has been done to answer 
the first question, substantial effort has been involved in answering . 
the second, and few research projects have addressed the third. 


Those studies addressing all three questions include Randall 
et al (1977) and Stinson and Voelker (1978). Randall (1977) estimated 
the benefits and costs of reclamation in a case study region of 
Central Appalachia. Results showed that reclamation benefits exceeded 
costs under Kentucky reclamation laws. To meet the reclamation re- 
quirements of the 1977 Federal legislation, estimated costs and ben- 
efits became nearly equal. This study is one of the few that analyzed 
both benefits and costs. However, the small area used in the analysis 
makes extrapolation to other areas difficult. Stinson and Voelker 
(1978) estimated some of the indirect benefits and costs and also 
addressed the distribution of these benefits and costs. Their anal- 
ysis measured the state and local taxes generated by coal mines in 
four western states. Also, they evaluated the new demands for state 
and local services created by the development of the Northern Great 
Plains coal reserves. 


The vast proportion of the literature consits of cost studies. 
The results of these studies are estimates of (a) the costs of 
reclamation and/or, (b) the legal and administrative costs of comply- 
ing with reclamation regulations. 


Baker (1973) developed information for the Appalachian Regional 
Commission to project pollution control costs in the Monongahela 
River Basin. Also, this research sought to provide an effective, 
workable handbook for estimating pollution control costs and the 
factors affecting these costs. 


Another study in the Appalachian region used an economic 
engineering approach to simulate reclamation costs on 42 hypothetical 
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mines (Nephew and Spore, 1976). These hypothetical mines are 

thought to be typical of those found in Appalachia. A model was 
developed relating costs of reclamation to (a) quality of reclamation 
obtained, (b) slope of the original landscape, and (c) the overburden 
to coalsstripping yatior 


Another approach to estimating reclamation costs in Appalachia 
is found in Evans and Bitler (1975). Here, reclamation data were 
obtained through on-site inspection and interviews for 20 coal sur- 
face mining operations. Reclamation costs were divided into three 
categories: premining planning, backfilling, and revegetation. 


A host of studies report reclamation costs for "representative" 
surface mines in Appalachia or a few Appalachian mines that are thought 
to be typical.of. the industry. U.S. EPA’ (1974) “found the jcostesros 
reclamation for a typical surface mine in Eastern Kentucky to be about 
8 percent of total production costs. Katell et al (1976) used 3 coal 
strip mines to estimate typical capital investments, operating costs, 
and prices received for coal. Curry (1977) reported that the back-to- 
contour reclamation increased costs $2.40 to $2.93 per ton of coal in 
the mountainous area of Tennessee. 


Several studies investigated the costs of reclamation in western 
states. Persee et al (1977) used data from 13 mines in 9 states west 
of the Mississippi River to estimate reclamation costs. This study 
divided costs into design and engineering costs, bonding and permit 
fees, backfilling and grading costs, and revegetation costs. Leathers 
(1977) presented a comprehensive study of several sites in the West. 
First, local, state, and Federal reclamation laws were outlined. 

Then reclamation costs were derived using an activity analysis 
approach and a standard engineering cost analysis. Results indicated 
that earth handling (recontouring and topsoiling) accounted for about 
70 to 80 percent of all reclamation costs. Costs averaged $3,500 per 
acre or about $.05 per ton. Anothern western study (Bailey, 1973) 
projected that reclamation costs range from $.02 to $.20 per ton. 


Schottman (1975) reported on an engineering model used to esti- 
mate costs for a range of reclamation site characteristics. The simu- 
lation model was developed for application in any region within the 
United States. Estimates were that reclamation on an average site in 
western regions cost an average of $1.32 per ton. Costs of reclama- 
tion for area mining in the Midwest averaged $1.30 per ton, and costs 
of reclamation for area mining in Appalachia totaled $2.50 per ton. 


Another model was reported by Foreman (1974) which assessed the 
costs of reclamation and can be applied on an area to area basis. 
The purpose of this mathematical model was to estimate reclamation 
costs per ton of coal mined for various levels of reclamation on sites 
with a range of physical characteristics. 
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A number of studies analyzed the impacts of the 1977 Federal 
reclamation legislation. Library of Congress (1977) analysts 
examined the costs of reclamation which would occur to both consumers 
and producers to meet the standards of the new Federal legislation. 
Their estimates of incremental costs due to this legislation ranged 
from $.30 to $.85 per ton of coal depending on the efficiency of the 
Mane.— Ihey expected costs to ‘consumers’ to rise only slightly. Their 
assessment was that a disequilibrium has developed in energy markets; 
thus prices of coal no longer accurately reflect costs. They esti- 
mated that where prices are not established by costs, reclamation 
costs are borne by producers and not consumers. 


In short, a number of researchers have investigated costs of 
reclamation, but few have tackled the larger analysis of estimating 
both benefits and costs. The reason for this omission is obvious 
Since most of the aesthetic and environmental benefits are very 
difficult to quantify. However, rational economic decisions cannot 
be made without some notion of the magnitude of the benefits in 
relation to the magnitude of the costs. 
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Il. DESCRIPTION OF STUDY SITES 


A.  Introductvon 


A total of five watersheds, ranging in size from 29 to 49 acres, 
were selected to study the effects of mining and reclamation on hydrology 
and water quality. Four of these watersheds will be mined, and one will 
be left in its natural state and used as a control watershed. All the 
watersheds were located in east-central Ohio, as shown in Figure 1, and, 
with one exception, were numbered in accordance with the county and the 
surface mineable coal seam (Table 1). The study watersheds in Coshocton 
County (CO6 and AO6) and the one in Muskingum County (MO9) were located 
in the Muskingum River Basin. The two Jefferson County sites (J1ll and 
JO8) drained into-small tributaries. of ibhe Onio River, 


In selecting study watersheds the following criteria were used: 


1. There should be four study watersheds, each having a 
different coal seam to be mined, representing different 
geologic and soil profiles. 


2. The watersheds should be located in the North Appalachian. 
Region (preferably in Ohio) and be mined by cooperating 
coal companies within a one- to two-year period after 
project initiation. . 


3. Watersheds should have experienced a minimum of prior dis- 
turbance and should be vegetated. 


4. Each watershed should have at least 75 percent of its area 
disturbed during mining and reclamation, except for one water- 
shed that has experienced deep mining and where the remaining 
outcrop coal will be removed by the haul-back mining method. 


5. An additional watershed, not to be mined, should -be monitored 
as a control or index area and should have an outcropping coal 
seam, a record of hydrologic data, and should have been 
relatively undisturbed for a number of years. 


The four watersheds to be mined (C06, MO9, J1l, and JO8), each 
with a different coal seam, were chosen because the natural and mine- 
modified geologic profiles would be different, reflecting different 
ground-water flow regimes, soils, and vegetation--all major factors to 
consider in overall hydrology of any watershed. 


The control watershed (A06) will serve as a hydrologic bench mark 
to reflect only the natural climatic factors and not the effects 
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Figure l, Location of Study Watersheds. 
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Table 1. Watershed Identification, Location, and Associated Coal 


Watershed County in 
Identification! Ohio Location sn vCoune Name and No. of Coal Seam 


C06 Coshocton Extreme southeast corner of Middle Kittanning, No. 6 
county, Section 22 of Linton 
Township 

MO9 Muskingum Southeast corner of county, Meigs Creek, No. 9 


Section 17 of Meigs Township 


a. Jefferson Extreme southwest corner of Waynesburg, No. 11 
county, Section 34 of Mt. 
Pleasant Township 


JO8 Jefferson Extreme southwest corner of Pittsburgh, No. 8 
county, Sections 12 and 18 of 
Mt. Pleasant Township 


AO6 Coshocton Central part of county, at Middle Kittanning, No. 6 
USDA-SEA-AR, North Appalachian : 
Experimental Watershed, Section 
5 of White Eyes Township 


lThe naming convention for each site has two roots: location and coal seam. The first letter is the 
first letter of the county in which the study watershed lies, and the last 2 numbers indicate the 
coal seam that will be mined. The one exception to this convention is Watershed AO6 - the control 
watershed. 


Generally identified as Watershed 172 at the North Appalachian Experimental Watershed. 


of mining or land treatment. The watershed experienced a partial 
cutting of trees from 1964 to 1971, but was stable from 1950 to 1963 
(Langford and McGuinness, 1976). Operation of the stream gaging 
station ended in 1972 but.was reinstated in July, 1975 for this study. 
No statistical treatment was made on the effects of persistance of 

the partial cutting, but it was assumed to be negligible, since only 
small areas of the watershed were affected. Thus, Watershed AO6 can 
be used as a control area for evaluation of the effects of mining and 
reclamation on the other study watersheds. 


Bre Physical Characteristics 


Topographic maps for the study watersheds are shown in Figures 2-6 
and the legend for symbols on the topographic map is shown in Table 2. 
Oblique aerial photographs of each site, except AO6, are shown in 
Figures 7-10. The physical characteristics of the watersheds are 
given in Table 3. 


The main watercourse of the MO9, JO8, and AO6 watersheds, in their 
premined condition, had continuous flow; however, CO6 and J1l watersheds 
were borderline cases between ephemeral and continuous flowing streams. 
The drainage system in each study watershed consisted of a well defined 
main channel with one less developed major contributing ephemeral 
channel, and several poorly developed side channels that contributed 
only intermittent flows. 
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Figure 2. 
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Premining Topographic Map of Watershed C06 Showing Instrumentation Sites 
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Figure 3. Premining Topographic Map of Watershed MO9 Showing 
Instrumentation Sites 
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Figure 4. Premining Topographic Map of Watershed J1ll Showing 
Instrumentation Sites 
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Figure 5. 


Premining Topographic Map of Watershed JO8 Showing Proposed and Existing 
Instrumentation Sites 
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Figure 6. Topographic Map of Control (Unmined) Watershed A06 
Showing Instrumentation Sites 
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Figure 7. Oblique Aerial Photograph of Control Watershed 
(Watershed C06) 
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Figure 8. Premining Oblique Aerial Photograph of Watershed MO9 
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Figure 9. Premining Oblique Aerial Photograph of Watershed J1l 


oo 
- 


Figure 10. Premining Oblique Aerial Photograph of Watershed JO8 
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Table 3. Physical Characteristics of the Study Watersheds. 


Item 


Area (Ac.) 


Aspect 


Maximum Elevation (ft., sld) 


Minimum Elevation (ft., sld) 


Relief’ (ft.) 


Approx. Elevation of Coal (ft.,sld) 


Length of Main Watercourse (ft.) 


Expected Disturbance (4%) 


iL 


Limited outcrop haul-back mining of watershed previously deep mined. 


control watershed; not to be mined. 
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1. Introduction 


The soils in the watersheds scheduled for mining (Watersheds C06, 
MO9, JO8, and J1l) were mapped by USDA - Soil Conservation Service 
personnel working in the area and using county and state soil legends. 
Mapping information for watershed AO6 has already been published 
(Kelley et al, 1975), and only limited information will be presented. 


Mapping units are distinguished from each other according to soil 
series, percent slope, and degree of erosion. A given mapping unit is 
identified by a pair of letters, the first capital and the second 
small case representing soil type; a second capital letter B, C, D, E, 
F, or G representing slope (symbols without a slope letter are those of 
nearly level soils); and a final number representing the degree of 
erosion. The soil mapping units and their identification, along with 
slope and erosion classes that were mapped, are given in Table 4 for the 
study watersheds. (Slope and erosion codes are given in Table 5). 
Capital letters A, B,.C,<or D; shown in Table 4, are used tosindicate 
soil hydrologic classification, but are not included in a mapping unit 
symbol. 


In the following sections the soil mapping units delineated for 
each watershed are listed and mapped. In Appendix A, complete soil 
descriptions and characterization data are given for the most extensive 
and representative soils that were sampled in the study watersheds. 
Typical or modal descriptions and ranges in characteristics for the 
remaining soil mapping units will be included in a future supplement to 
this repore, 
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Table 4. Soils Mapped on the Premined Study Watershed Sites. 


Soil 
Ident. 


Soil Type Hydrologic Study Watersheds 
Soil (Slope - Erosion Classes) 
Class. A06 C06 MO9 Ja JUSS 
Allegheny Silt Loam B Di BL 
Berks Silt Loam G iG 
Berks Shaly Silt Loam C Be y DPR Os 
Berks Channery Silt Loam C G2 
Brookside Silt Loam C C2502 
Clarksburg Silt Loam c El 
C6shoctentSi btE=Loam c €1 ;EL,F1 D2 €2,D2 
Coshocton-Rayne Complex C D2 -F2 
Culleoka Silt Loam C F2 
Dekalb Channery Sandy Loam B Coe, beers 
Dekalb Loam and Sandy Loam B EL GL 
Eiba?Sailty?Glay*Loam G C2202. 86 
Etba-Si-bt—-Loam C Fl 
Giipin Silt Loam C GZ. pez B2 ,C25D:20 68 


Guernsey Silt Loam G El 
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Table 4. 
Soil 
Ident. Soxt iype 
Kp Strip Mine Spoil, Acid 
Fine Loam Skeletal 
aed. Licking Silt Loam 
Lo Lowell Silt Loam 
Ms Muskingum Silt Loam 
Or Orville Silt Loam 
Ot Otwell Silt Loam 
Ra Ramsey Sandy Loam 
Re Rayne Silt Loam 
Up Upshur Silt Loam 
Ur Upshur Clay 
Wd Wayland Silt Loam 
We Westmore Silt Loam 
Wf Westmoreland Silt Loam 
Wt Woodsfield Silt Loam 


Hydrologic 


Soil 
Glass. 


(Cont'd) Soils Mapped on the Premined Study Watershed Sites. 


Study Watersheds 
(Slope - Erosion Classes) 


A06 CO6 MO9 plies TOS. 
C2. EZ 
@ 
E6 
Died 
* 
D1,El 
E2 
G2 
F2 
D2sE2.E2 
* 
G2sp2 
CL. Di,.BISEL Gi; Cae? eal 
E2 


,, Indicates the soil is present, but no slope or erosion codes given in soil survey. 
Subject to change following laboratory analyses of selected pedons. 
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Table 5. Slope and Erosion Codes 


Slope Legend 


On Soils On Spoils 
Code Slope % Code Slope % 
A 0-2 
B 2-6 B 0-6 
C 6-12 C 6-12 
D 12-18 
E 18-25 E 12-25 
F 25-35 
G ees G 229 


Erosion Legend 


Code Erosion 

1 Mostly Top Soil 

2 Mixture of Topsoil and Subsoil 
3 Mostly Subsoil 


6 Slips are Common 


2. Watershed C06 


A total of 26 soil delineations were made in the watershed, and 
the soil mapping units and their areas are listed in Table 6. The 
soil map for Watershed C06 is presented in Figure ll. 


Table 6. Names and Areas of Soil Mapping Units Delineated 
for Watershed C06. 


Soil Mapping Unit | Aréat CAG) 


Allegheny D1 and E2 3x3 
Clarksburg El 2.4 
Coshocton CLI=EL, and» FL a8 
Dekalb Fl and Gl Vie) 
Muskingum D1 and Gl Pars 
Otwell Dl and El 4.6 
Wayland? ee 
Westmoreland Cl, Dl, El, and Fl I3<1 


Totak (Ae.) 49.0 


lNo slope or erosion codes given in soil survey. 


a. Soil Sampling 


Five sites including four of the most extensive and representative 
soils, Otwell, Dekalb, Coshocton, and Westmoreland, were selected to be 
sampled for complete characterization. Soil pits were dug using a backhoe 
or where inaccessible, by hand, and the soils were described and sampled 
in August, 1976. Description and characterization data for the soils 
are included in Appendix A. Brief descriptions are as follows: 
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Figure ll. 


Premining Soils Map for Watershed C06 
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Dekalb - The soil described and sampled is within the range of 
the concept of the Dekalb series. This soil is a deep fragmental 
acid soil with large pieces of sandstone in much of the solum. 
The sandstone pieces are tipped at various angles indicating 
that they havemoved downslope. Clay films are described deep in 
the solum indicating either deep percolation through these 
relatively coarse textured soils or an earlier period of pedo- 
genesis prior to colluviation of the coarser surficial material. 


Westmoreland - These soils formed in a shallow loess mantle and 

the underlying siltstone bedrock. The bedrock occurred at a depth 
of 33 inches in the pedon sampled. The soils are very strongly 

acid and have base saturations of less than 40 percent except in 

the surface horizon and just above the bedrock where base saturations 
are significantly higher. The base saturation increase just above 
the bedrock is important in the classification of these soils as 
alfisols rather than ultisols. The soils in the watershed are some- 
what finer textured than most Westmoreland soils. Plant growth in 
these soils is somewhat limited by acidity, low base status, and 
relatively shallow rooting depth. 


Coshocton - These are loamy colluvial soils which overly shale or 
siltstone bedrock. The pH and base saturation values of the two 
pedons sampled in this watershed exhibit opposite extremes. The 
base saturations in both pedons are outside the range for Coshocton 
series with base saturation of pedon CS-30 being too low and CS-32 
too high as carbonates occur in the latter. However, this repre- 
sents the range in properties of Coshocton soils as they occur in 
this watershed. 


Otwell - These soils are typically found on high terraces or benches 
in eastern and southeastern Ohio. The Otwell soils in this water- 
shed formed in a thin mantle of colluvial material and the under- 
lying lacustrine deposit. The soils are silty throughout the solum 
and have a fragipan starting at about 2 feet below the ‘surface. 

Base saturation is relatively low from the surface to the base of 
the fragipan; base saturation then increases with depth. The low 
coarse fragment content and silty texture of this soil makes it an 
excellent source of material for topsoiling. 


The Dekalb and Westmoreland soils pose the most serious problems for 


plant growth. Both soils have a relatively low cation exchange capacity 
and are quite acid. Dekalb also has a high content of coarse fragments 
whereas the rooting depth in Westmoreland is somewhat restricted by bed- 


Both Coshocton and Otwell pose few problems limiting vegetative 


growth; however, the rooting depth in Otwell is somewhat restricted by 
a fragipan. Both Coshocton and Otwell soils can provide suitable top- 
soil material with Otwell being an excellent source. 
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3. Watershed MO9 


A total of 33 soil delineations were made in the watershed, and 
the soil mapping units and their areas are listed in Table 7. 


The soil map for Watershed MO9 is presented in Figure 12. 


Table 7. Names and Areas of Soil Mapping Units Delineated 
for Watershed MO9. 


Soil Mapping Unit | Area (Ac.) 


Berks G2 0.9 
Brookside C2 and D2 Siew, 
Coshocton D2 0.6 
Pipa. G2 D2, and F6 Died 
ieckineg +C2 Sal) 
Lowell E6 PLEX 6) 
Orville E6 0.6 
feshun eZ. h2. E3, and, F2 8.9 
Westmore C2 we ae 
Westmoreland Cl, C2, and E2 Lo 
Woodsfield E2 Daly 
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a. Soil Sampling 


Five of the most extensive and representative soils, Lowell, Upshur, 
Westmore, Licking, and Brookside, were selected to be sampled for complete 
characterization. Soil pits were dug using a crawler tractor and blade. 
The soils were described and sampled in February, 1977. Descriptions and 
characterization data for the soils are included in Appendix A. Brief 
descriptions are as follows: 


Lowell - This soil developed in loess-colluvium overlying shale 
bedrock. The Lowell soils of the watershed are typical of the 
Lowell series with a silty upper solum overlying a heavy-textured 
lower solum. Base saturation increases with depth. 
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Figure 12. Premining Soils Map for Watershed MO9 
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Upshur - This is a very heavy-textured soil with carbonates in 
the shale at a depth of 48 inches. The Upshur in the watershed 
is within the range of the series as described on the state legend. 


Westmore - These soils formed in a thin loess mantle and the under- 
lying silty colluvium. The soils in this watershed are more acid 
than typical for Westmore but still have base saturations which are 
high enough for classification as alfisols. The soils are also 
lighter textured and contain less coarse fragments in the lower 
part of the sola than is typical for Westmore soils. 


Licking - These soils formed in a thin loess mantle and the under- 
lying clayey lacustrine deposit. Even though these soils are 
strongly to medium acid, base saturation is relatively high through- 
out the profile with carbonates occurring at 57 inches. In fact, 
the base saturation in the upper part of the solum is higher than 
typical for Licking soils. As a result of the high base status 

and high cation exchange capacity, these soils are relatively 
productive. Permeability is somewhat restricted due to the high 
clay content. 


Brookside - Brookside soils typically developed in colluvium at 
the base of long slopes. The soil as delineated in the MO9 
watershed fits this concept, and the profile sampled fits the 
series concept. At the sample site, two buried surfaces were 
identified. This observation is supported by laboratory data. 
Several of the horizons have high carbonate contents, probably 
derived from seepage. 


In general the soils of the MO9 watershed were finer textured and 
had a higher base saturation than the C06 watershed. Available moisture 
holding capacity was high in most of the soils. Texture, CEC, and base 
status made these soils well suited for plant growth except where there 
was a high clay content near the surface. With the exception of the 
Upshur mapping unit and other areas where high clay contents were found 
near the surface, the soils of the watershed were very good for top- 
soiling. The most serious problem with these soils is their relatively 
low permeability as a result of high clay contents. 


4. Watershed J1l 


A total of 10 soil delineations were made in the watershed and the 
soil mapping units and their areas are listed in Table 8. 


The soils map for Watershed J1l is presented in Figure 13. 
Soil sampling for J1l has not been completed and information, 


when available, will be submitted in subsequent phase reports. Some soil 
mapping unit names may be changed following receipt of laboratory analyses. 
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Table 8. Names and Areas of Soil Mapping Units Delineated 
for Watershed J1l 


Soil aot at Unit : | AreavGics 


Berks G H cdl 
Coshocton C2 and D2 bets! 
Culleoka F2 0.9 
Gilpin C2 and D2 Lie as 


Tota le CAC. eco. 


5. Watershed JO8 


A total of 13 soil delineations were made in the watershed and 
the soil mapping units and their areas are listed in Table 9. 


Table 9. Names and Areas of Soil Mapping Units Delineated 
for Watershed JO8. 


Soil Mapping Unit Area (Ac.) 
Elba Fl Sind 
Gilpin B20 Ge ean bt eee 
Guernsey El 8.0 
Strip Mine Spoil) C2. 82, and © Awe 
Westmoreland Gl pei ®) 


Total -(Ac.)" 4476 


The soils map for Watershed JO8 is presented in Figure 14. 


Soil sampling has not been completed on Watershed JO8 and such 
information, when available, will be submitted in a supplement to the 
Phase 1 Report. Some soil mapping unit names may be changed following 
receipt of laboratory analyses. 


6. Watershed A0O6 
Soils information for Watershed AO6 has been published (Kelly et al, 
1975). This watershed, located at the USDA - North Appalachian Experimental 


Watershed, is referred to as Watershed 172 in previous publications, 
(Langford and McGuinness, 1976). 
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Figure 13. Premining Soils Map for Watershed J1l 
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Figure 14. 


Premining Soils Map for Watershed JO8 
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Soil mapping units and their areas are listed in Table 10. 


Table 10. Names and Areas of Soil Mapping Units Delineated 
for Watershed AOQ6. 


SoLleMappine Units Area (Ac.) 
Berks) C2e © )fand F2 24.9 
Coshocton-Rayne Complex D2, F2 L363 
Dekalb C2, Das+E2% and \F2 4.6 
Rayne C2 0.8 


totale (Ac!) .43.6 


The soils map for Watershed AO6 is presented in Figure 15. 
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Figure 15. Soils Map for Unmined Watershed A06 
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The study watersheds are in the unglaciated plateau region. Each 
study watershed is underlain by stratified sedimentary rocks of the 
Pennsylvania System. The rocks consist of shale, siltstone, sandstone, 
limestone, coal, and clay. They were deposited in shallow-marine or 
shoreline environments, then subjected to crustal uplift resulting in 
fracturing and a slight regional southeasterly dip. Now partly eroded, 
the rocks present a hilly topography characteristic of the region. 
Several feet of weathered rock and soil overlie the bedrock in most 
places. 


Lithology and approximate maximum thickness of overburden above 
coals in each watershed are shown by stratigraphic columns (Figures 
16-20). Ohio coals are of high-volatile, bituminous rank, and analyses 
generally show ash content of 5-20 percent, sulfur 1-6 percent, and 
heating value from slightly below 10,000 to over 13,000 Btu/l1b. (Collins, 
19735 sPano32-334). 


Locations at which geologic cores were obtained are shown in 
Figures 2-6 (three different locations were used at C06). Physical and 
chemical data for the C06, MO9, J1l, and JO8 cores are presented in 
Appendix B. 


2. Watershed C06 


The geology of Coshocton County, within which both watersheds 
CO6 and AO6 are located, was described by Lamborn (1954). Sandstone 
and shale were the prevalent rock types at C06 (see stratigraphic 
column, Figure 16). The No. 6 coal was the only coal that occurred 
above the mouth of the watershed. 


3. Watershed MO9 


The geology of Muskingum County was described by Stout (1918). The 
stratigraphy of the MO9 watershed (Figure 17) was characterized by 
limestone, shale, and several coal seams. The mouth of the watershed 
was at the level of the No. 8 coal. 


4. Watershed J1l 


Details of the geology of Jefferson County, within which J1ll and 
JO8 are located, were given by Lamborn (1930). The highest part of the 
stratigraphy at J1l consisted of rocks of the Permian System, (Figure 18). 
Limestone, sandstone, and shale, comprised significant parts of the rock 
section. The mouth of the watershed was at a level between the No. 9 and 
No. 10 coals. 
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Figure 16. Stratisraphic Column for C06 
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Figure 17. Stratigraphic Column for MOS 
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Figure 18. 
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Figure 20. Stratigraphic Column for A06 
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5. Watershed JO8 


Limestone and shale were predominant rock types at JO8 (Figure 19). 
The mouth of the watershed is below the No. 8 coal. 


6. Watershed AO6 


The control watershed was underlain by the same part of the 
stratigraphic section as C06. Sandstone and shale were the main rock 
types (Figure 20). 
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Vegetation surveys were made on each study watershed in its premined 
condition. The data obtained were generalized maps of the major over- 
story vegetation types, basal area of vegetation, and surveys of the 
vegetation surrounding soil moisture access tubes. 


The vegetation cover maps were constructed by running transects 
at one-chain intervals across the watersheds and mapping changes in 
overstory cover type and density. Soil moisture access tubes on the 
watersheds provided centers of plots from which timber volume and ground 
cover measurements were made. Timber volumes were determined using a 
variable plot prism cruise. Distinctions were made between sawtimber 
size trees (12" and greater, dbh), pole-sized timber (5" to 11", 
dbh), and woody reproduction (1" to 5", dbh). Ground cover consisting 
of herbaceous vegetation, woody cover, duff cover, and bare soil and/or 
rock were the observed catagories for each access tube. The values for 
herbaceous vegetation were obtained by surveying a i/100th acre plot 
around each tube (radius = 11.78 ft.). Other ground cover was 
established by averaging data from four 1/1000th acre plots (radius = 
3.72) located in cardinal directions 10 feet from the ‘soil moisture 
access tubes. 


2. Watershed C06 


The majority of the C06 site had a southerly aspect and species 
composition and growing conditions were generally poor. Total sawtimber 
volume was 542 board feet per acre. There was a high percentage of cull 
in nearly all trees, with a net volume of 354 board feet per acre. Major 
sawtimber species on the area were red elm, tulip-poplar, and red maple, 
with some hickory present. Gross volume of pole-sized timber was 41.2 
cords per acre and net volume was 34.5 cords per acre. Major polesized 
species were tulip-poplar, red maple, red oak, and dogwood. 


Distribution of woody reproduction was quite variable, ranging from 
200 to 1400 stems per acre on various plots with an average of 544 stems 
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per acre. Major species in this class were aspen, dogwood, black cherry, 
maple, red oak and musclewood. Ground cover was also quite variable. 
Herbaceous vegetation varied from 3 to 82 percent cover, woody vegetation 
from 3 to 30 percent, duff cover from 6 to 60 percent, and bare soil 
and/or rock from 0 to 36 percent. Average ground cover values for 

herbs, woody vegetation, duff cover and bare soil and/or rock were e 
32, 14, 38, and,16%percent, respectively. 


Access tube number 9 was not surveyed because it was destroyed in 
the initial mining activity. 


The vegetation map, its key, and the summary of cover surrounding 
the soil moisture access tubes are shown in Figure 21, and Tables 11 and 
12, respectively. 


3. Watershed MOQ 


The site had a general southeasterly exposure and was mostly 
pasture land. Total sawtimber volume was approximately 554 board feet 
per acre and volume’ of pole-sized timber was 0.52 cords. Because of the 
uneven distribution of woody species, sampling error for saw and pole- 
sized timber was essentially 100 percent. 


Woody species occurring on the site included sycamore, tulip- 
poplar, elm, red maple, red oak, white oak, and dogwood. Approximately 
77 percent of the ‘ground cover on the area was composed of a mixture of 
grasses and broadleaved herbs, 8 percent being woody vegetation (briars, 
etc.), and the remaining 15 percent was bare and/or covered with organic 
Tee eR, 


Soil moisture access tubes 9-16 were not surveyed because they had 
been destroyed by mining activities before the survey. The area involved 
is delineated in Figure 22. 


The vegetation map, its key, and the summary of cover surrounding 
the soil moisture access tubes are shown in Figure 22 and Tables 13 and 
14, respectively. 


4. Watershed J1l1 


The watershed had a westerly aspect, with northwest to southwest 
exposures predominating. In woodlands, overstory species included 
black locust, ash, red maple, black cherry, and a stand of ailanthus. 
Much of the area was in pasture, both open and wooded. One section 
was under cultivation. Nine vegetation cover types were classified. 


Only 4 of 11 sample points were wooded, and average timber volumes 
were low. Gross sawtimber volume was 106 board feet per acre and net 


SO ae 


Figure 21. 


Premining Overstory Vegetation Map for Watershed C06 
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Table 11. Key to Overstory Vegetation Map for Site C06 
(BA is.basal area). 


Mapping 
UnLeseD Description 
A Open ground, grassy (weir location) 
B Dogwood - 30.sq. ftv/ac. BA 
¢ Tulip-poplar, Dogwood and Red Maple - 50 sq. ft./ac. BA 
D Red GQak — 30 sq: ft. /aceepaA 
E Sassafras and Red Maple - 30 sq. ft./ac. BA 
F Dogwood - 30 sq. ft./ac. BA 
é Sassafras and Red Maple - 20 sq. ft./ac.BA 
H Aspen. and Elm —)20 sq. “ft. /ac., BA 
I Red Maple - 20 sq. ft./ac. BA 
J Red Maple and Dogwood - 20 sq. ft.,/ac. BA 
K Red Oak - 20 sq. ft./ac. BA (all young reprod.) 
le Red Oak and White Oak - 20 sq. ft./ac. BA 
M Ailanthus and Elm - 60 sqrttv/fac. SBA 
N Tulip-poplar and Red Oak - 60 sq. ft./ac. BA 
O Red Maple - 20 sq. ft./ac. BA 
P Tulip-poplar and Red Oak - 10 sq. ft./ac. BA 
Q Elm and Ailanthus - 50 sq. ft./ac. BA 
R Aspen and Dogwood - 50 sq. ft./ac. BA 
S Aspen and Dogwood - 60 sq. ft./ac. BA 
ae Aspen and Red Maple - 20 sq. ft./ac. BA 
U Red Oak, Tulip-poplar and some Hickory - 30 sq. ft./ac. 
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Table 11. (Cont'd) Key to Overstory Vegetation Map for Site C06. 


Mapping 
Unit ID Description 
V Red Maple and Aspen - 45 sq. ft./ac. BA 
W Red Maple, Black Tupelo and Cherry - 15 sq. ft./ac BA 
X Aspen, White Oak, Hickory - 40 sq. ft./ac BA 
&§ Red Oak and Hickory - 40 sq. ft./ac. BA 
Z Aspen and Red Maple - 30 sq. ft./ac. BA 
AA Tulip=poplar ='60 sq. ft./ac. BA 
BB Sassafras -— 50 sq. ft./ac. BA 
EC Aspen - 35 sq. ft./ac. BA 
DD Red Maple - 10 sq. ft./ac. BA 
EE Bramble and Briar (open area) 
FF Tulip-poplar - 60 sq. ft./ac. BA 
GG Red Maple and Aspen - 50 sq. ft./ac. BA 
HH Hickory, Tulip-poplar - 30 sq. ft./ac. BA 
ei Aspen - 30 sq. ft./ac. BA 
JJ Sassafras - 20 sq. ft./ac. BA 
KK Aspen, Dogwood and Hickory - 60 sq. ft./ac. BA 
LL Tulip-poplar 30 sq. ft./ac. BA 
MM Cherry - 20 sq. ft./ac. BA 
NN Tulip-poplar - 40 sq. ft./ac. BA 
oO Hickory and Tulip-poplar - 30 sq. ft./ac. BA 
PP Red Maple and Dogwood - 20 sq. ft./ac. BA 
QQ Hickory and Tulip-poplar - 40 sq. ft./ac. BA 
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Table 11. (Cont'd) Key to Overstory Vegetation Map for Site C06. 


Mapping 
Unit--1D Description 

RR Dogwood and Red Maple - 20 sq. ft./ac. BA 
SS Red Maple and Dogwood - 10 sq. ft./ac. BA 
(kd Opening (annuals and perennials) 

UU Red Maple - 20 sq. ft./ac. BA 

VV Red Maple and Bramble - 10 sq. ft./ac. BA 
WW Opening (grasses) 

XX Tulip-poplar - 70 sq. ft./ac. BA 

x Dogwood and Elm - 10 sq. ft./ac. BA 

ZL Red Maple and Aspen (interspersed openings with bramble) - 
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Table 12. Summary of Cover Surrounding the Soil Moisture Access Tubes in Watershed CO6. 


| | ; 
Sawtimber Pole Timber 
Woody Reproduction 


Plot (12" + dbh)t (6"-11" dbh) 


Ground Cover 


Bare Soil 


No. Net Volume Net Volume (fo -Sed bh) and/or Rock 
Bdeertn, (Doyle) Cords Number stems 

1 0 0 iz 5D 15 30 0 

2 0 hago i 4 45 iz 43 0 

3 0 215 ita ZS 23 3D is 

4 0 0 4 Ins) 8 47 26 

> 0 0 aa 82 6 8 4 

6 SL Lie] 4 30 16 44 10 

7 80 71985 3 1 8 54 Zo 

8 0 D0 6 20 22 38 20 

Qe enn nee $= eo ne en Plot Eliminated ------~---------------------------------- 
10 0 50 2 78 TZ 8 2 
ah 414 0 4 6 3 ate: a3 
12 0 Be2o 4 5 6 43 48 
13 75 201 2 26 ale 60 S 


Table 12. (Cont'd) Summary of Cover Surrounding the Soil Moisture Access Tubes in Watershed C06. 


Pole Timber Ground Cover 


(6'"'-11" dbh) 
Net Volume 
Cords 


Sawtimber 
(12" + dbh)t 
Net Volume 
Bd. Ft. (Doyle) 


Bare Soil 
and/or Rock 
7 


Woody Reproduction 
(14-5 ‘dbh) 
Number stems 


Plot 
No. 


15 0 2.98 3) amt Ns) 55 19 
16 0 7.49 5 16 8 40 36 
17 39 2003 7 as 19 28 30 
18 0 0 6 34 18 43 5 
ae) 0 599 14 35 24 oy 4 
EACc 

Average Sigs) ie 2 5.44 32 14 38 16 
Per Acre 

Average 354 34.5 544 bY 14 38 16 


Ra See 
lpiameter at breast height 


Wi \ 


NY \\at 
\\ AN \ 
\' \ 


\ 


N 


Pai 
, 
] = es 
i \\ N\ 
\ \ yp, \ \ \ \\ \ 


A 


Ye 


\ \\\ AN : 
\\ ry 
NW \\ " \ 
\ \\ \\\\\ \\ \\\ Kt \ 
A \\\\\\ \ 
\\\\Wa \\\\\ 
ATT ARR 


i 


\\\ \ \ 
KK 
A 

\\\ 
\\\\ 


WR 
\\ \ \\\ 
\ \ 
iis R 
\\ TH \ 
\\\ N\\\\\\\\\\) \\\\ \ 
\\ \\\\ \ \\ WY 
\\ \\ \\\ NY 
\\ \ \\\ 
\\\\ 


Disturbed Area at Time of Negetation 
Survey. Vegetation for this orea 
estimated by aerial photo, and some 
ground truth. 


200 FEET 


Figure 22. Preming Overstory Vegetation Mav for Watershed M09 
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Table 13. Key to Overstory Vegetation Map for Site MO9 
(BA is basal area). 


Mapping 
Unit: ID Description 
A Primarily grass and broadleaved herbs; small amounts of 
woody vegetation present. 
B Elm and Red Maple - 40 sq. ft./ac. BA 
C Elm and Red Maple - 70 sq. ft./ac. BA 
D Elm, Sycamore and Red Maple - 40 sq. ft./ac. BA 
E Red Oak and Tulip-poplar - 40 sq. ft./ac. BA 
F White Oak and Tulip-poplar - 60 sq. ft./ac. BA 
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Table 14. Summary of Cover Surrounding the Soil Moisture Access Tubes in Watershed MO9. 


Plot Sawtimber Pole Timber Woody Ground Cover 
No. Gging: dbh) 1 (64 -—-b1 dbl) Repro. | Herbs & | — Bare Soil 
Cross Vol. Net Vol. | Gross Vol. Net Vol. |(1"-5" dbh)} Grasses Woody Duff and/or Rock 
Bee, FE. aie: tase Cords Cords No. Stems % yh vA vA 
(Doyle) (Doyle) 
lo ee -- - - Plot Eliminated ----------------------3 5-3-9 5 rr 
2 0 0 @) 0) 0 85 5 0 10 
3 0 0 0) 0) 0 95 0 @) 5 
4 0 0) 0 0 0 95 © 0 5 
5 0 @) 0 0 0 85 5 0 10 
6 0 0 0 0 0 70 20 0 10 
Z 0 @) 0 0 0 90 @) 10 0 
8-16 ------------------------------------- Plots Eliminated ----------------------------—--------------- 
Ly 3880 2465 Seah Srey) 4 bis) 25 35 25 
Per Acre 
Ave. 2554 552 02 53 Oz 52 57 77 8 7 8 
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Ipiameter at breast height 


volume was 76 board feet per acre. Gross volume of pole timber was 
0.04 cords per acre and net volume 0.03 cords per acre. Only 3 of ll 
sample points were stocked with woody reproduction, with an average of 
173 stems per acre. Dominant species in this group were black cherry, 
ash, and ailanthus. Ground cover for the area was quite variable, 
including herbaceous vegetation ranging from 40 to 100 percent, woody 
vegetation 0 to 9 percent, duff cover 0 to 55 percent, and bare soil 
and/or rock from 0 to 14 percent. Average type distributions were: 
herbs 87 percent; woody 2 percent; duff 10 percent; and bare 1 percent. 


The vegetation map, its key, and the summary of cover surrounding 
the soil moisture access tubes are shown in Figure 23 and Tables 15 
and 16, respectively. 


5. Watershed J08 


The watershed had a southeasterly aspect. Results from the timber 
cruise showed a large percentage of cull percent within the standing 
trees primarily due to overmaturity and growth form. Gross board feet 
volume was 289 board feet per acre and net volume was 241 board feet 
per acre. The major sawtimber species were black locust, black cherry, 
American elm, osage orange, and black walnut. Pole timber trees showed 
less cull with an acre average of 7.8 cords for gross and 7.6 for net. 
Major pole timber species were black cherry, osage orange, black locust, 
and white ash. Woody reproduction species included white ash, cherry, 
black locust, oak, osage orange, and elm. 


Herbaceous vegetation cover ranged from 6 to 63 percent, woody 
cover from’ 0 to 5 percent, duff cover from 0 to // percent, and bare 
soil and rock from 0 to 82 percent. Average type distributions were: 
35 percent herbs, 4 percent woody, 42 percent duff, and 19 percent 
soilvand rock, 


The vegetation map, its key, and the summary of cover surrounding 
the soil moisture access tubes are shown in Figure 24 and Tables 17 
and 18, respectively. 


6. Watershed AO6 


The AO6 study area consisted of many diverse conditions, with 
aspects ranging from east to west. The entire watershed had a south- 
erly aspect. Vegetation was quite diverse, ranging from upland oak- 
hickory types to planted stands of white and red pine. Vegetation 
within the area was of a discontinuous cover form. At the northern 
tip of the watershed, black locust was dominant where a recent distur- 
bance from the harvesting of trees for posts had occurred. Other 
small areas within the watershed showed recent interruption, as a 
result of cutting for pulpwood without removal. 
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Figure 23. Premining Overstory Vegetation Map for Watershed J1l 
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Table 15. Key to Overstory Vegetation Map for J1l 
(BA is Basal area). 


Mapping 
Unit ID Description 
A Briars and herbaceous material, 1 to 2 feet tall 
B Cornfield with grass border strip 
¢ Creek/gully: Red Maple, Willow and Black Locust (grazed) - 
L0=20 sqrattajac. BA 
D Grass pasture (grazed) 
E Ailanthus, up towl2'"dbh (erazed) —- 70°%sdft./ac.uBA 
F Black Locust, grass surface vegetation (grazed) - 70 sq. 
ft/ac. BA 
G Young woody reproduction: Ash, Red Maple and Black Cherry - 
60-70" squire. / acaba 
H Scattered mature Black Locust, Ash, Red Maple and Black 
Cherry - 30-40 sq. ft./ac. BA 
iD Ash, Red Maple and Black Cherry (along gully) - 60 sq. 


fex/ace BA 
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Table 16. Summary of Cover Surrounding the Soil Moisture Access Tubes in Watershed Jll. 


Sawtimber Pole Fimber Ground Cover 
Plot (12" + dbh)? |(6"-11" dbh) Woody Reproduction Bare Soil 
No Net Volume Net Volume C1" =5" “abt and/or Rock 


Bd. Fe. (Doyle) Cords Number Stems he 


cf 344 -025 4 40 5 ee) 0 
2 110 335 5 ‘ 9 (te 14 
s 0 0 0 : 100 0 0 0 
4 0 0 0 100 0 0 0 
5 0 0 0 100 0 0 0 
6 1260 0 0 100 0 0 0 
7 100 427 0 100 0 0 0 
8 0 0 0 100 0 0 0 
9 0 0 0 100 0 0 0 
10 0 0 0 100 0 0 0 
ee 0 0 ¥ 10 43 6 pas 0 
ope i a 

Average 164 OM s, aS 87 2 10 a 
Per Acre 

Average 76 0-038 ie 87 2 10 a 
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Figure 24. 
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Black > 
Black 
Black 
Black 
Black 
Black 
Black 
Black 
Black 


Black 


y to Overstory Vegetation Map for J08 
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Description 
Gherry— 55sq. it. /ac. BA 
Locust.— 50 .sqs. ft./ac. BA 
Cherry, Osage Orange and Elm - 45 sq. ft./ac. BA 
Cherry +e 10 ssqiaft:/ac..BA 
Ghertyn- l0esq. Att. /ac. «BA 
Cherry, Elm.and Black Locust — 40 sq. ft./ac. BA 
Cherry, Black Locust and Elm - 100 sq. ft./ac. BA 
Gerry and) Black Locust — 30 sq. ft./ac.,BA 
Cherry and.Elm'—+80.sq. ft./ac. BA 


ocust and Bim - 30 sq. ft. /ac. BA 
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Table 18. Summary of Cover Surrounding Proposed Soil Moisture Access Tubes in Watershed J08. 


Sawtimber 
(12"+ dbh)1 
Net Volume 

Bd. Ft. (Doyle) 


Plot 


Cords 


Pole Timber 
(6"-11" dbh) | Reproduction 
Net Volume 


Woody Ground Cover 


Bare Soil 
and/or Rock 
We 


Ci=—5' db): 
Number Stems 


ae 0 0.060 3 48 4 35 1 

2 0 0.160 2 a7. 2 58 << 

S Loy Dao 56 0 45 — 65 -- 

4 484 0 2 30 ae 70 == 

5 0 0 0 63 ie 3D uf 

6 19 Om okey! 2 20 3 77 — 

7 0 0 | 58 5 20 LG 

8 0 0 0 21 -- =— Ue 

9 0 0.030 7 6 4 8 82 

10 410 0.381 v 25 4 7a a= 

Biot 120 OsLtZ 2 3) 4 42 1s) 
Average 

Per Acre 241 720 2 35 4 42 19 
Ave rage 
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Average total sawtimber volume was 18,025 board feet per acre. 
A percentage of cull was present in many trees, leaving a net volume 
of 15,670 board feet per acre. The major sawtimber species were 
tulip-poplar, red oak, white oak, red pine, and white pine. Pole 
timber gross volume was 27.0 cords per acre and net volume was 26.5 
cords per acre. Major pole-sized species included red pine, tulip- 
poplar, and black locust. 


Woody reproduction was quite variable throughout the area, with 
an average of 594 stems per acre. Species in this group included 
dogwood, tulip-poplar, sugar maple, black maple, red maple, black 
cherry, and others. Ground cover for the watershed was quite variable, 
including herbaceous vegetation ranging from 2 to 56 percent, woody 
vegetation from 1 to 42 percent, duff cover from 38 to 86 percent, and 
bare soil and/or rock from 0 to 18 percent. Average type distributions 
were: herbs 3 percent; woody 16 percent; duff 68 percent; and bare 
3 percent. 


The vegetation map, its key, and the summary of cover surrounding 


the soil moisture access tubes are shown in Figure 25 and Tables 19 
and 20, respectively. 
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Figure 25. Overstory Vegetation Map for Unmined Watershed A06 
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Table 19. Key to Overstory Vegetation Map for A06 
(BA is basal..aréa). 


Unit) ID : Description 


Black Locust and herbaceous vegetation - 40 sq. ft./ac BA 
White Pine - 90 sq. ft./ac BA 

White Pine and Tulip-poplar - 70 sq. ft./ac. BA 
Tulip-poplar, Red Oak and White Oak - 50 sq. ft./ac. BA 
Tulip-poplar, Chestnut Oak and Red Oak - 40 sq. ft./ac. BA 
Tulip-poplar and White Oak - 50 sq. ft./ac. BA 
Tulip-poplar and White Oak - 40 sq. ft./ac. BA 


Briars, bramble, scattered Black Locust and Red Maple (dense 
grapevine and briars present) - 20 sq. ft./ac. BA 


Tulip-poplar. - 50 sq. ft./ac. BA 

White Pine - 70 sq. ft./ac. BA 

White Pine (dominant) and Black Locust - 60 sq. ft./ac. BA 
Red Pine —-85%sq. ft./ac. BA 

Tulip-poplar, Hickory and Black Locust - 60 sq. ft./ac. BA 


Ash and Tulip-poplar with briars and bramble - 50 sq. ft./ac. 
BA 


Young stand of Black Cherry, Red Maple and Dogwood (dense) - 
405sq. ft. /aca BA 


Sassafras, Red Maple, Red Oak, Dogwood, Black Cherry, Ash and 
Black Locust pioneer succession after recent interruption - 
ROsd. ft../ac. BA 

Red Oak and Hickory - 40 sq. ft./ac. BA 

Tulip-poplar, Black Locust and Black Cherry - 50 sq. ft./ac. BA 
Larger stand of White Oak and Red Oak - 80 sq. ft./ac. BA 


White Pine - 40 sq. ft./ac. BA 
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Table 20. Summary of Cover Surrounding Soil Moisture Access Tubes in Watershed A06. 
Sawtimber Pole Timber Wood Reproduction 


Ground Cover 


Plot (12" + dbh)1 (6"-11" dbh) (1"-5" dbh) Bare Soil 

No Net Volume Net Volume No. of stems and/or Rock 
Bd. ft. (Doyle) Cords 1/100th acre vf 
1 0 . 801 4 52 10 38 0 
2 178.979 1.808 5 4 a, 79 0 
| 201.459 -681 5 2 5 86 7 
4 316.827 gy) 6 2 6 85 7 
5 152.207 521 8 12 5 65 18 
6 730.091 1.422 2 4 11 85 0 
7 : 459.943 - 858 1 56 uh 43 0 
8 | 445.893 262 i 5 14 81 0 
9 | 301.159 1.693 Zz 9 40 spt 0 
10 0 | 0 + 16 10 42 48 0 
iit “363.860 .690 10 8 21 A 0 
7 182.236 .606 10 6 16 60 18 
13 544.933 ee aa le] 3 6 19 ve) 0 
14 679.032 . 380 0 23 21: 56 0 


15 394.420 »421 2 14 7 79 0 
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Table 20. (Cont'd) Summary of Cover Surrounding Soil Moisture Access Tubes in Watershed AO6. 


Sawtimber Pole Timber Wood Reproduction Ground Cover 
Plot (12" + dbh)t (6"-11" dbh) (1"-5" dbh) Bare Soil 
Net Volume Net Volume No. of stems and/or Rock 
Bd. ft. (Doyle) Cords 1/100th acre Zn 


16 294.412 Pure 8 9 9 82 0 
1G; 20.455 0 ra 6 15 79, 0 
Plot Avg. 309.759 752 5.94 13 16 68 3 
Per Acre 
Avg. 15.670 26.5 5.94 13 16 68 5 


lpiameter at breast height 


III. SURFACE-WATER HYDROLOGY 


A. Experimental Design and Procedures 


Le Introduction 


In order to adequately evaluate the hydrology of watersheds, 
weather and surface and subsurface hydrologic data must be collected. 
Data required are those that can be used to numerically describe the 
components of the hydrologic cycle, depicted in Figure 26, either 
directly or indirectly. Also for modeling of watershed hydrology and 
water quality, spatial and temporal numerical descriptions of the 
components are necessary. The hydrologic data collection system for 
each watershed was designed to meet these needs. 


The four selected study watersheds that are to experience surface 
mining are to be studied in their natural condition and through the 
mining and reclamation phases, to investigate the effect of surface 
mining on hydrology and water quality. The premining phase was to 
last approximately one year, but a one-year period is too short to show 
how an individual watershed responds to varying weather conditions 
(i.e., dry years, wet years, extreme events, etc.). Therefore, data 
from each study watershed and the control watershed, which has a long 
hydrologic record, will be utilized to develop (or adapt) a hydrologic 
model that describes and predicts the hydrologic behavior of each study 
watershed under varying inputs. 


Because of the five-year limit for the project, it was necessary 
to restrict either the premining or postmining phase; the mining phase 
was expected to take an estimated 8 to 12 months. The decision was_ 
made to restrict the premining phase so that more time would be allowed 
for the watersheds to approach an equilibrium condition following 
reclamation. 


2. Weather Data 


Weather instruments were installed at the C06, MO9, and Jll sites 
(instrumentation existed near the AO6 site) to record the important 
parameters of precipitation, temperature, relative humidity, wind speed, 
and solar radiation. Precipitation is the basic input and driving force 
of the hydrologic system; temperature determines the form of precipi- 
tation and, also, along with humidity, wind, and solar radiation affect 
the amounts of evapotranspiration; and temperature and solar radiation 
exert major control over the rate of snowmelt. 


A typical weather station is shown in Figure 27. The location 
of the stations for Watersheds €06, MO9, and’ J11 are shown on the respec- 
tive topographic maps (Figures 2, 3, and 4). The weather data obtained 
at the Jll site will be used for the JO8 site (located 5 miles to the 
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Figure 26. 


Figure 27. Typical Weather Station (C06 Site) 
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east-northeast), except for precipitation which will be measured in or 
near Watershed JO8. For Watershed AO6, precipitation was measured by 
a gage just outside the watershed, by dual gages located 4,000 feet to 
the northeast, and by snow boards in the wooded watershed area. The 
other weather elements were measured at a site about 3,000 feet to the 
east-northeast of the center of the watershed. 


Precipitation was measured by use of two standard National Weather 
Service weighing bucket gages--one unshielded and one shielded with a 
rigid Alter type shield. Their orifices were 2 meters above the ground. 
The gages are shown in the foreground of Figure 27. A formula was 
derived by Hamon (1972) to use the measured precipitation from both 
gages in order to compute precipitation corrected for catch deficiencies 
under windy conditions. The ratio of the computed total to the un- 
shielded total is multiplied by the unshielded breakpoints to give a 
time trace of computed breakpoint precipitation. For rainfall the 
differences are small between the unshielded and computed values, with 
the computed totals being slightly higher than unshielded totals most 
of the time. Large differences exist between the two totals for preci- 
pitation falling as snow because of the effect of wind on snowfall catch. 


Temperature and relative humidity data were obtained from a drum- 
type hygrothermograph placed in a standard weather screen as shown in 
Ficsure 2/7. 


Data on incident solar radiation were collected near the A06 site 
from an Epply Pyranometer by use of an analogue recorder with an attached 
integrator. Both net and incident radiation were obtained at the J1l 
site by an integrating-printing instrument. Data loggers will be used 
to obtain solar radiation and other weather elements at the C06 and MO9 
sites. 


Wind data were obtained by a 3-cup anemometer with recording of 
wind-run on a mechanically driven drum. For every mile of wind passing 
the anemometer, a pen marked on the drum. The anemometer is shown in 
the middle of Figure 27. 


3. Snow and frozen Soil 


Snow and frozen soil are important factors in wintertime hydrology. 
Snow can be considered as delayed rainfall; water is released, during 
warmer days, from snowpack storage that accumulated from prior precipi- 
tation. Frozen soil changes the infiltration characteristics of a 
watershed. This usually causes most of the rainfall or snowmelt to 
flow directly to a channel. 


Snow and frozen soil data were collected periodically at various 


sampling points and at every soil mositure access tube. A complete 
set of data included location, snow depth, equivalent water content, 
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an estimate of snow distribution, the location of the layer of frozen 
soil, and other observer comments. 
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Soil moisture content (storage) has an important effect on the 
hydrologieweycle (Figure 26) as it affects the rate ofsimti1 tration 
and ground-water recharge. Also, it is the source of water for most 
watershed evapotranspiration. Soil moisture storage amounts are 
affected by soil type, soil physical characteristics, vegetative cover, 
and topography. 


A network of access tubes to accommodate a neutron probe for measure- 
ment of soil moisture was established in each watershed (see section on 
soils under Description of Study Sites). At the time of access tube 
installation, the only data available were the soil surveys and topo- 
graphic maps; the vegetation surveys had not been made. A preliminary 
soil moisture network was designed using available data, and then 
vegetation was considered in modifying the preliminary network. 


Soil moisture was measured every 1 or 2 weeks to a depth of 51 
inches--the gravimetric method was used to determine soil moisture in 
the top 9 inches, and the neutron probe method for the remaining depth 
at 6-inch increments. 


The gravimetric sampler (a 9-inch long cylinder attached to a 
frame) and the neutron probe are shown in Figure 28. Access tubes for 
the neutron probe were made of 1.9-inch diameter aluminum irrigation 
tubes. They extended from 3 inches above the soil surface to 52 inches 
below the surface. The bottom inch in the tube was sealed with hydrau- 
lic cement to prevent water from entering the tube. The top was sealed 
with a rubber stopper and covered with a can to prevent water from 
entering and animal molestation. A cloth bag containing a dessicant 
was suspended from the stopper to prevent moisture from accumulating 
on the tube walls. Dessicant bags were replaced when necessary. 


The neutron probes were calibrated by using saturated and dry soils 
in separate 55-gallon drums with access tubes in their centers. These 
two extreme points defined the linear calibration curve. 


5 DIDELLera tron 


Water entering the soil by the infiltration process along with 
that retained by interception and surface detention determines the 
amount of surface runoff from rainfall and snowmelt. Runoff from water- 
sheds represents an integrated response of the watershed area to 
precipitation input. Such information is valuable in assessing the 
hydrologic response of the particular watershed but is of limited 
applicability to a dissimilar area, particularly where surface mining 
is involved. 


- 110 - 


Figure 28. Soil Moisture Measuring Equipment (Gravimetric 
Samples on Left; Neutron Probe Apparatus on the Right) 
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A standard method to establish infiltration characteristics of soils 
is by use of an infiltrometer. A portable rainfall simulator-infil- 
trometer with unique capabilities for studying infiltration and 
hydraulic properties of soils (Jeppson, 1975) was used to measure infil- 
tration: 


The 6 by6 foot infiltrometer, pictured in Figure 29, 30, and 3l, 
has the capacity of applying water at rates from 0.1 to 8.0 inches per 
hour measured by flow meters (Figure 29) for each of the six 2 by 3 
foot modules. Water drop sizes are controlled by the velocity of 
air flowing through orifices (3 inches on center) in which capillary 
needles are placed. By the use of two sets of modules containing 
different size needles, the mean drop size diameter of natural rainfall 
can be duplicated for intensities up to 4 inches per hour. With the 
flow modules suspended at a height of 8 feet, the kinetic energy of the 
simulated rainfall is about 75 percent of natural rainfall. 


To collect surface runoff, a three-sided metal frame was driven 
to a depth of 8 to 12 inches into the soil. On the open downslope side, 
a wooden cut-off wall (the top edge shaped to conform with the surface) 
was placed at an equal depth into the ground and a runoff collector 
attached (Figure 30). Runoff is transferred from the attached collector 
trough to a tank by a vacuum system and measured with a water stage 
recorder (Figure 31). A fiber reinforced plastic curtain is used to 
enshroud the rainfall simulator for protection from the wind. 


6. Spring Discharge 


Springs situated on the outcrop of the study coal seams in 
Watersheds CO6 and MO9 were developed to measure discharge and collect 
water quality samples. A trench was dug to the coal underclay and a 
3-inch perforated PVC pipe was installed. Then the trench was partially 
backfilled with gravel, and finally backfilled with the original soil. 
Since the land surface at the outcrop was to be disturbed, the water 
was conveyed downslope by PVC pipe beyond the estimated toe of the 
spoil bank and measured in a protected and coated 0./5-ft. HS—flume. 
The AO6 site had an existing spring developed near the outcrop of the 
No. 4 coal. This spring is instrumented with a 90° V-notch weir. The 
locations of the springs and measuring sites are shown in Figures 2, 
3, and 6. 
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A runoff hydrograph is basic to analytical watershed hydrology. 
It quantitatively pictures drainage area response to a precipitation 
input. As such, it is extremely important to computer modeling of 
watersheds, because the difference between recorded and simulated 
hydrographs is the measure of the success of a model. 


In addition to the four principal watersheds to be used for moni- 
toring hydrology and water quality, three small sub-watersheds 
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Figure 29. Rainfall Simulator-Infiltrometer Showing Water 
and Air Flow Control Unit (Site C06) 
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Figure 30. Runoff Collection System for Rainfall Simulator- 
Infiltrometer (Site C06) 


Figure 31. Collection Tank for Measuring Runoff from Rainfall 
Simulator-Infiltrometer (Site C06) 
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(designated SWS) for measuring runoff were put into operation. These 
small watersheds are shown in Figures 3, 4, and 6. The designations 
and areas of the small watersheds are given in Table 21. 


Table 21. Small Watershed Areas 


Site ID Area "CAC: ) 
MO9 - SWS Vera 
J1l1 - SWS SR: 
AO6 - SWS Duty 2 


Runoff data were collected by use of four types of measuring 
devices: H-flumes, drop-box weirs, a broad-crested V-notch weir, and 
a Parshall flume. The measuring devices used at each site are listed 
in Table 22. 


The choice of runoff measuring devices was based on the heavy 
sediment loads that would be carried by runoff water during the mining 
and early reclamation periods. Traditional approaches of using V-notch 
weirs and H-flumes were considered to be inadequate since the study 
sites would be unattended for several days at a time and the sediment 
loads expected would invalidate the ratings for these devices. The 
drop-—box weir (Johnson et al, 1966), designed to pass large quantities of 
sediment without affecting the rating curve was selected for use on the 
watersheds. Because of the low sediment loads in the premining phase, 
temporary H-flumes were also used until drop-box weirs could be fabri- 
cated. The broad-crested V-notch weir at AO6 was left intact; no 
sediment problem was expected because the watershed would not be mined. 


A typical drop-box weir, with labeled components, is shown in 
Figure 32. The weir was designed to concentrate flows at all flow 
rates so as to make the weir self cleaning. At low flow, the water is 
diverted by the backwall toward the low flow chutes where it concen- 
trates just above the V-notch section. At higher flows, water flows 
over the side weirs and concentrates the flows more upstream in the 
box. At even higher discharge, water flows over the back wall, as 
well as the side weirs, causing great turbulence which results in keep- 
ing the weir free of sediment. At flows in excess of the box 
capacity, the water is also discharged over the lower-sloped upper 
V-notch. A drop-box weir functioning during a runoff event is shown 
in Figure 32. 


In computing discharge from head measurement in the weir, the 


height of the water is measured in two places: in the lower V-notch 
for low flows, and along the upper V-notch wall for high flows. The 
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Table 22. Summary of Runoff Measuring Devices Used on the Study Watersheds 
Site | Runoff Measuring Device 


2.5' H-flume prior to Aug. 18, 1976 
1.6' Drop-box weir after Aug. 18, 1976 


C06 
Outlet 
MO9 
Outlet 1.6' Drop-box weir 
Small WS 3.0' H-flume 
Jib 
Outlet 2.5' H-flume (to be replaced by drop-box weir before mining begins) 
Small WS 0.8' Drop—-box weir 
AOQ6 
Outlet Broad-crested V-notch weir 
0250) Parshall l-fiume 


Small WS 


Figure 32. 


Drop-Box Weir in Operation with Components as Designated: 
a) Back Wall, b) Upper and Lower Side Weirs, c) Low Flow 
Concentrating Chute, d) Lower V-Notch Section, e) Low Flow 
Sediment Trap, f) Low Flow Intake Pipe to Stilling Well, 
g) Water Quality Sample Access, and h) Upper V-Notch 
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lower V-notch measuring section is equipped with a sediment trap below 
a slot in the V-notch, with an intake pipe to the stilling well. The 
upper V-notch measuring point is shown in Figure 33 and operates on the 
same principle as the lower V-notch, except the access hole is in the 
side wall of the weir. 


Installation of all weirs was basically the same; a trench was 
dug perpendicular to the stream channel to a relatively impervious 
layer, and a concrete footing and cutoff wall were poured. The cutoff 
wall was designed with an opening for attaching the flow measuring device 
and extensions on both sides to decrease the hydraulic gradient of 
unmeasured sideflow. In addition, an energy dissipating pad with rough- 
ness elements was constructed at the larger weir installations (Figure 
33). Photographs of the construction prior to weir installation are 
shown in Figures 34 and 35. An H-flume installation at the MO9 small 
watershed is shown in Figure 36, and the broad crested V-notch weir at 
the AO6 site is shown in Figure 37. 


The water stage or gage height was obtained at each weir install- 
ation by use of a float operated recorder. Breakpoint data were 
obtained from the recorder traces and the discharge obtained by the 
use of stage-discharge relationships. 


The C06, MO9, and AO6 outlet sites were instrumented with 
Coshocton vane type, automatic water quality (composite) samplers. The 
sampler is a rotating tear-shaped vane that passes under a constant 
discharge (pumped) outfall moved by the stilling well float. The 
basic theory and design of the sampler was described by Edwards et al, 
(1976). The sampler intake on the drop-box is shown in Figure 32. 


Chickasha samplers (Miller et al, 1969) were installed at the 
CO6 and MO9 sites to obtain discrete samples at time intervals through- 
out the hydrograph. These samples were analyzed for both sediment and 
chemical water quality. Grab samples were also obtained at all sites 
for these purposes. 


B. Results and Discussion 
ios introduction 


The record periods for each parameter for each watershed (Table 23) 
varied as instruments were installed and mining progressed. The pre- 
mining phase ended when the watershed hydrology was changed by removal 
of trees and/or by building of roads. The premining records for C06 
and MO9 are less than 1 year in length. The J1l site has not yet been 
mined. Because JO8 has not been instrumented, the premining period 
for this watershed has not begun, except for the collection of some 
ground-water data. The AO6 site can be considered to be in a continuous 
premining condition. 


- 118 - 


Figure 33. 


Typical Drop-Box Weir 
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Figure 37. Broad-Crested V-Notch Weir at AO6 Site 
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Table 23. Hydrologic and Weather Parameters Recorded, Frequency of Measurement, and 
Record Periods 


OS a Se Pere nae ee 
Hydrologic CO6 MO9 
Component 


Dates 


ae ae cece C MP/76-» c .6/8/76— See aeeet (77% Ba gE SEr oh af Sse 
= 11/3/76 1/19/77 12/31/77 12 an/ 77 
Runof f-------------- N maa C RG 76-2 Sc 5/24/77-  N mao @ 9/5/75- 
(Small Watershed) 2b 89-79 12/31/77 B27 8 fd 
Precipitation------- C 126/752 C8 5/19 76— sa DAL) LP N ma Cat’ 71 0/7 5= 
1/37 26 1 19/7 12/38 iL /7% 2 GAL TT 
Soil Moisture------- P 12/31/75- P 6/16/76- P 6/3/77- N ---- P 12/29/76- 
te / 39 4-6 Loe? 12/31/74 M2 Sy Tee 
Spring Discharge---- C 2/24/76- Cc 4/29/76- N mae N mae Ca S-/30/72= 
1 Sef Tah 6/7/77 123/31) 12 
Solar Radiation----- N ---- N ---- N ---- N ---- Cc 6/1/75- 
Te SL/ TT 
Wind Speed ---------- C 4/17/76- C 6/8/76- N oe N meee Che wd fl AP 5= 
Js /3 (51.6 1/19/77 LE Oda 7 
Air Temperature----- G L2/7/I5> Ch. 5/1 6476— See 5/1/77- N oe Care wiv ye 5— 
Vs (6 L/X9 (2.7 2 31/77 L2f 81/77 
Relative Humidity--- G 2 Veti/ay San WC 5/6/76- C 5/1/77- N ---- G 7/1/75- 
UT 63 ah 6 UL MAS Tee U2 S77 12/81/77 
Snow and Frozen Soil P U2 72 eo) Po S80 wo © U/28/77—= & ---- P 12/29/76- 
13/76 Ly Msi? 24 31 fe L273. 773 
lo - Continually; P - Periodic; N - Not Collected ----- Tnclusive dates ---- 3outlet runolt 


dates determine the premining data periods for C06 and MO9 sites. The Jll and AO6 sites have not 
been mined as of 12/31/77. 


Zo eerecipatatl ron 


Summer precipitation at the study watersheds comes predominately 
from convectional storms. These storms are of high intensity, but of 
short duration over small areas. Winter precipitation results from 
cyclonic storms and frontal systems and is of lower intensity, but of 
longer duration and over larger areas. On the average, monthly pre- 
cipitation is greatest from March through July. 


The long-term average monthly precipitation record for a National 
Weather Service precipitation gage located near each watershed site was 
obtained for comparison with the observed monthly precipitation of the 
short-term record. The monthly recorded precipitation for the unshielded 
gage at the study sites was utilized along with the monthly totals of 
computed precipitation where available. Months without complete preci- 
pitation data, as at the beginning and end of the premining periods, 
were not used in the following tables that compare monthly data. 


a. Watershed C06 


The premining precipitation record for the C06 site extended from 
December 6, 1975 through November 3, 1976 (about 11 months). For 
comparison of precipitation data, the time period considered was from 
December 1, 1975 through October 31, 1976. Plots of monthly precipi- 
tation for gage 103 are shown in Figure 38. This gage, part of a 
network at the North Appalachian Experimental Watershed, is located 
approximately 14 miles northwest of the C06 site. Gage C06 was located 
in an exposed area near the toe of a southeasterly-facing slope, and 
about 200 feet west of the C06 outlet weir (Figure 2). 


Monthly data and percentage difference from the long-term averages 
are listed in Table 24. The difference between the average and recorded 
precipitation for the period at gage 103 was less than 1 percent. The 
time distribution, however, showed great variations (Figure 38). April 
and May were extremely dry, being 40 to 46 percent below average, 
respectively, while August was high by 30 percent. 


Plots of monthly unshielded and computed precipitation for the 
C06 site are shown in Figure 38. A precipitation summary for the site 
is given in Table 25. Monthly precipitation for the unshielded gage 
at C06 matches gage 103 values rather well (Table 24), considering that 
the gages are about 14 miles apart. The greatest deviations occur in 
the summer as a result of localized thunderstorms. The monthly 
computed values are only slightly higher than the observed unshielded 
gage values except during the winter months when the wind effect on 
snowfall causes an 11 percent deficit in catch by the unshielded gage 
for the period (Table 25). Snowfall accounted for 5 percent of the 
computed precipitation. 
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Figure 38. Time Distributions of Monthly Premining 
Precipitation Associated with Watershed C06 
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Table 24. Average, Observed, and Computed Premining Precipitation Associated with Watershed C06 
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Totals 
1975 1976 or 
1 2 3 4 5 6 7 8 9 10 Avg 


Gage 103 
30-yr. Avg. 
Cinzs) 2.24 page Tea Zaza: Sees 323 Sito SI) 4.37 Den 220 22.03 BS e210 


Gage 103 
Recorded 
Cins) Doe 2290 2.68 3270 le 95 eG TOTES, 4.93 B65 nS PA 27 33747 


Gage 103 E 
OWES a) +14 -5 +21 oes -40 -46 +22 +13 +30 -26 +217, ait 


CO6 
Unshielded 
Crns)) 255 2 Oa: B04 het 4!) E46 2.26 B00 Fea o le) S26 1.94 DOL ster 


CO6 Computed 
(ins) 2.98 3579 33.59 4,29 Layee 2255) Ba 7.05 5.43 L794 5 3618s 340537 


Table 25. Premining Precipitation Summary for Watershed C06 


Period of Pre- 


Mining Record ; Dec. 6,72975 through Nov. 3, 1976 
Total Number of 
Storms 156 
Unshielded 
Precipitation (In.) Toval "36612 7aeSnow, 1.32 
(Shows 44° of total.) 
Computed 
Precipitation (In.) Torals=©40987, "9 Snow Vl90 


(Snow, 54 of total) 


p4e4 6% Unsh. Prec. 89% 
Comp. Prec. 


Largest Storm2 
(Unshielded Values) 


Date hud yas 5. £976 
Lotase (Ln...) he65 
Length (Hrs.) 123102 


Approx. Assoc. 
Frequency 1.60 Inches in 2 hours for an approximate 
5-year event. 


Peak Intensity So. Hovine/Hrs ror 5 minutes totaling 0.43 
Inches. 


Istorms are separated by periods of no precipitation for 1 hour. 
2This storm caused the highest peak flow for the premining period. 
3The estimated 2-hour, 5-year event. (Hershfield, 196i) is 1.70 inches. 
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The most extreme event during the premining phase occurred on 
July 8, 1976 and produced 1.65 inches of rainfall. The peak intensity 
of 5.16 in./hr. lasted 5 minutes, totaling 0.43 inches of water. The 
highest 2-hour intensity of 1.60 inches was approximately a 5-year 
event. 


b. Watershed MO9 


The premining precipitation record for the MO9 site extended from 
May 1, 1976 through January 19, 1977 (about 9 months). For comparison 
of precipitation data, the time period was from May 1, 1976 through 
January 31, 1977. Plots of the average and recorded precipitation for 
this period for the National Weather Service gage at Philo 3SW are 
shown in Figure 39. The gage is located about 10.5 miles west of the 
MO9 site. Gage MO9 is located on an exposed southwesterly-—facing 
slope about 400 feet from the outlet weir (Figure 3). 


Monthly data and percentage differences from the long-term averages 
are listed in Table 26. The difference between the average and recorded 
precipitation for this period at Philo 3SW was 3 percent. In comparing 
the monthly values, it is seen that July was particularly wet and the 
late fall and early winter excessively dry. 


Plots of monthly unshielded and computed precipitation for the 
MO9 site are shown in Figure 39. A precipitation summary for the site 
is given in Table 27. Monthly precipitation for the unshielded gage 
at MO9 agrees rather well with that of Philo 3SW, considering that the 
gages are 10.5 miles apart. The unshielded and computed monthly 
precipitation agree well during the non-snowfall months. The computed 
amount exceeded that caught by the unshielded gage by 7 percent (Table 
27). Snowfall accounted for 12 percent of the computed precipitation. 


The most extreme event occurred on July 11, 1976 and produced 3.02 
inches of rainfall--accounting for 54 percent of the monthly total. 
The peak intensity of 3.60 in./hr. lasted 3 minutes and contributed 
0.18 inches of water. The highest 3-hour intensity of 2.73 inches was 
about a 25-year event. 


c. Watershed J1l 


The record period for this report was from May 1, 1977 through 
December 31,1977. Plots, of monthly, precipitation for, the National 
Weather Service gage at Cadiz, located about 9 miles northwest of 
the Jll site, are shown in Figure 40. Gage Jll is located about 1,300 
feet east of the Jll outlet weir and just out of the watershed 
boundary at an exposed site (Figure 4). 


Monthly data and percentage difference from the long-term averages 
are listed in Table 28. The difference between the average and record- 
ed precipitation for the period at Cadiz was 19 percent more than the 
long-term average. Following a dry May, more than average precipitation 
fell during the period June through September. 
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Table 26. Average, Observed, and Computed Premining Monthly Precipitation Associated 
with Watershed MO9. 


Year and Month | 
1976 1977 
5 6 7 8 9 10 gi 12 


30-yr.avg- . 
Philo 35W aay 3.84 4.05 2588 ad hes 2.05 2.42 yaa OF! 236 260 Ee 
Cine» 


Philo 3SW rec. apes Aoo4 6.58 a fe 2250 2.98 50 06 2 3 24. 10 
(In. 9 

Philo 3SW 

% Difference -35 +18 +62 -6 -14 +45 -88 -51 -48 -8 


MO9 

Unshielded 2.06 (Pea 5.58 2.48 1.84 Sf .66 jai iggy 225 47 
Gn 

MO9 


Computed Deon. 4.26 tls 2.48 1.85 3.20 79 ios E63 24.04 
(In. ) 


Table 27. Premining Precipitation Summary for Watershed MO9 


Period of Pre- 


Mining Record May 2. 01976 throuch Jan. 19, 1977 
Total Number of 
Storms! 106 
Unshielded 
Precipitation (In. ) Totals 22.47, Snowt2.13 
(Snow, 97 of }total) 
Computed 
Precipitation (In. ) Total: 24.04, Snow 2.94 


(Snow, 127 %0f total) 


Rete: Unsh. Prec. 93% 
Comp.) Prec. 


Largest Storm2 
(Unshielded Values) 


Date Eval eee 976 

total Cine ) BZ 

Length (Hrs.) 3 

Approx. Assoc. 2.73 Inches in 3 hours for an approximate 


25-year event 


Peak Intensity S00 iu. /Hr, Onis minutes totaline 0.18 
Inches 


lstorms are separated by periods of no precipitation for 1 hour. 
2This storm caused the highest peak flow for the premining period. 
3The estimated 3-hour, 25-year event (Hershfield, 1961) is 2.70 inches. 
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Table 28. Average, Observed, and Computed Monthly Precipitation Associated with Watershed Jll. 


Cadiz Average 
30ym. (7H. ) 5497 


Cadiz Recorded 
Cirian) 14.50 


% Difference -62 


J1l1 Unshielded 
(iin) 2192 


J11 Computed 
(Gna) 3.2 


+20 


4 D3 


Year and = vonth 


Totals 


rot $9; 5 2a 25.30 


2.90 2.74 3.209 BOs 1a 
-2 api +26 +19 

2.4] 2.86 BEL 27.14 
2. a8 3.42 Sire ey4 28.64 


a 


Plots of monthly unshielded and computed precipitation for the 
J1l site are shown in Figure 40. A precipitation summary for the site 
is given in Table 29. The unshielded gage caught considerably more 
precipitation in May but less in the summer than the Cadiz gage. The 
reason for the difference is probably due to localized thunderstorms. 
The computed total was 5 percent higher than the unshielded total 
(Table 29) and would have been greater had the entire winter season 
been included in the record. Snowfall, for this situation, amounted 
to 5 percent of the computed precipitation. 


The most extreme event during the period occurred on July 21, 
1977 and produced 1.93 inches of water. The peak intensity of 7.50 
in./hr. lasted for 2 minutes, totaling 0.25 inches of water. The 
highest 3-hour rainfall of 1.66 inches was about a 2-year event. 


d. Watershed A0O6 


The record period considered for the control watershed was from 
July 1, 1975 through December 31, 1977. Figure 41 shows monthly 
precipitation for gage 103 which is located about 1,400 feet from the 
center of Watershed AO6. The actual record began July 10, 1975, and 
thus the July, 1975 value in Figure 41 is too low. The monthly data 
and percentage differences from the long-term averages are listed in 
Table 30. For long-term precipitation comparisons, gage 103 was used 
throughout the year, but a composite record was developed (Table 30) 
for project use. July, 1975 was not considered in Table 30. The 
recorded precipitation for gage 103 for the whole period was only 3 
percent above average. A comparison of the monthly data revealed that 
October 1975 through October 1976 closely followed the long-term 
average. The remainder of the record showed a drier than average 
winter for the 1976-77 season, and a wetter than average summer and 
winter in 1977. 


The composite precipitation (Table 30), containing computed 
values for snowfall over a portion of the record, is plotted in 
Figure 41. Precipitation data for the site is summarized in Table 31. 
Inclusion of computed value of snowfall for 2 of the 3 winters increased 
the total precipitation amount by 5 percent. Snowfall accounted for 4 
percent of the total composite precipitation. 


The most extreme event during the period occurred on July ll, 
1976 giving 1.75 inches of rainfall. The peak of 6.30 in./hr. lasted 
2 minutes, totaling 0.21 inches of water. The highest l-hour rainfall 
of 1.61 inches was about a 5-year event. 


“Saas 


Table 29. Precipitation Summary for Watershed Jll 


Period of Pre- 


Mining Record Mayoly Loss ethrouch Dec..33* 1977 
Total Number of 
Storms isk 
Unshielded 
Precipitation (In.) Totab. 2/14. Snow 1.06 
(Snow, 4% of total) 
Computed 
Precipitation (In.) fotal: *28-64-:1 Snow 1.42 


(Snow, :54-ef total) 


Ratio: Unsh. Prec. 95% 
Comp. Prec. 


Largest Storm” 
(Unshielded Values) 


Date July 21362977 

Total Gin®) TES: 

Length (Hrs.) ay oy 

Approx. Assoc. 1.66 Inches in 3 hours for a 2-year event.> 
Frequency 

Peak Intensity 7.50 In./Hr. for 2 minutes totaling 0.25 Inches 


lstorms are separated by periods of no precipitation for 1 hour. 


This storm caused the highest peak flow for the record period. 
The estimated 3-hour, 2-year event (Hershfield, 1961) is 1.60 inches. 
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Table 30. 


Gage 


Gage 103 
30-yr. avg. 
Cin.) 


Gage 103 
Recorded 
(In.) 


Gage 103 
% Difference 


Gage 103 
30-yr. Avg. 
(In.) 


Gage 103 
Recorded 
Cin;) 


Gage 103 

% Difference 
AO6 Composite 
(In. ) 


Average, Observed, and Computed Precipitation Associated with Watershed A06 
Year and Month 


ew Pee eer Pata Month eo) ee) wertocal 
or Avg. 
10 It g's (1975) 


Cae 9 


1975 


228979 2e58 2-03 2.49 De Die = ATG 
5.84 5.43 216 1.36 2 550 14 20G 
25) Oy bmeer ibd +36 -45 +14 +48 
Year and Month 
1976 
6 7 8 9 10 i 12 
3°93. 4037 2.82 2.58 9030 2249 2.24 
4.79 4.93 3.68 1.92 257) .49 107 
iy) Fe +30 =26 +97 -80 -52 
ead parrot 3.68 1.84 2.46 254 0 


Year and Month 


1976 
i} Zz 3 4 
Zod Wee 3.02, © 3225 
2250 = 2800 32/0 $1595 
-5 ares +13 -40 


Year and Month 
1977 


Total 
or Avg. 
(19.76) 4 2k Z 3 


Shea bay Pang sd ope Al Siro) 
52248 98 1204 3.57 
— -64 -53 mas 

3 2<- 61>. 60 beB4--—4...05 


Ones 


4,33 


+34 


4.54 


eto fon Coe: 


Table 30. (Cont'd) Average, Observed, and Computed Precipitation Associated with Watershed AO6. 
Year and Month Totals 
or Avg. 
for Record 


Gage 


Gage 103 
30-yr. avg. 
(In.) Seren SGC eC Y | Zee Zoe 205 Zt 2 324 Sew ey 83.66 


Gage 103 
Recorded 
(ins) esky, Zoo 6.76 2.29 6.76 Agee ae: B95 2.93 38.86 89.28 


Gage 103 
% Difference =69 -40 a0 -19 762 3) qr) rod: re se 


A06 Composite! Lely. 2.34 6.76 2nd 6.78 U5) 4.54 4.02 43.18 ee aes 


ee 8 A a ee eee ee eee 

Th06 composite precipitation for the premining period is composed of gage 103 data from August 1975 
through August 1976, gage LY3 from September 1976 through April 1977, and gage 103 from May 1977 
through December 1977. 


Largest Storm 


Table 31. Precipitation Summary for Watershed A06 


Period of, Preminine 


Record July LO. 29/ oe through Dec..31, 1977 
Total Number of 
Storms! 416 
Composite 
Precipitation, (In..) Total 2 29520 2e. SNOW SS. 7 O 
(Snow, 4% of total) 
2 


(Unshielded Values) 


Date Jutys Liz. 1976 

Toca <Cin.) Leg 

Length (Hrs.) 1.60 

Approx. Assoc. 

Frequency 1.61 Inches in 1 hour for a 5-year event .° 

Peak Intensity O.90,in./Hr. for 2 minutes totaling 0.21 Inches 


Istorms are separated by periods of no precipitation for 1 hour. 
2This storm caused the highest peak flow for the period. 
The estimated l-hour, 5-year event (Hershfield, 1961) is 1.58 inches. 
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3. Air Temperature 


The temperature data were tabulated every 3 hours, along with the 
absolute maximum and minimum values. The monthly averages for the 
period of record for all watersheds were tabulated in Table 32 with 
those of the long-term averages at AO6. The data show that there was 
not much difference between temperatures at each of the study sites 
for overlapping records and also when compared to the AO6 record. 
Therefore, the AOQ6 39-year average was used in comparing the tempera- 
ture data associated with each study site for the respective record 
periods. 


The average CO6 temperature record was close to the long term 
average at AO6 (51°F for each). Deviations in the time distribution 
occurred in the late winter, when it was unusually warm, and in the 
fall, when it was moderately cool. 


The average MO9 temperature for the period of record was 48.9°F, 
about 5 degrees below the average long-term record at AQ6 (54.0°F). The 
recorded temperatures were almost always below the average and decreased 
to about 13 degrees below average by the end of the observation period 
(Januany O77) 


The Jll record showed the average period of record temperature, 
56.9°F, was less than one degree below the average at AO6 (57.5°F). 
The temperature pattern resembled that of the average at AO6. 


The 39-year average temperature for the AO6 record period was 
51.29F, 0.1°F greater than the recorded average of 51.1°F. The 
monthly temperature departures were calculated and entered in Table 32. 
The record shows a warm fall (1975), a warm spring (1976), an average 
summer (1976), an extremely cold fall and winter (1976), and an average 
Vearwror soy -72 


4. Relative Humidity 


Relative humidity data are important for the determination of 
evapotranspiration from the watershed. The relative humidity data were 
tabulated every 3 hours and monthly averages obtained. The averages 
for the period of record for all watersheds were tabulated in Table 33, 
with those of the long-term averages at A006, as was done for the tem- 
perature data. Humidities at the C06, MO9, and J1l sites were higher 
than at the AO6 site most of the time. It is possible that 
unknown site specific factors were responsible for these differences. 
Therefore, the long-term relative humidity data at AO6 cannot be 
compared with those of the other sites. However, the short-term AO6 
record can be compared with its long-term record. 


The data in Table 33 show that the AO6 monthly relative humidity 
for the period record was less than the long-term average most of the 
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Table 32. Summary of Average Monthly Temperature (°F) for all Study Sites. 


ria 7 8 9 iw Tl 
C06 E : E : 2 
Mog : Ss 2 
sul E : _ z 2 
AQ6, Rec. (OE 7 Shee etae ae 
Rode Avge) 7) 2106s B83. 440.5 


AO6, Depart. +0.1 42.2 -4.8 +1.2 +5.8 


Lp a a 

LOmee eed? il 2 
C06 47.6 37.9E - - - 
MO9 LGsb 332apa2s 13, One 
S11 : = : a 
A06, Rec. RAS oe ye aed SW OGY, 


AO6, Avg.-t 53.4 40.5 30.4 26.5 28.8 


AO6, Depart. -5.6 -6.8 -6.2 -14.3 -2.1 


ERstimations for portion of missing record. 
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table 435). 


Site 


C06 

MO9 

Jil 

AOQ6, Rec. 
Ao6t 


AOC. Oi tt. 


C06 

MO9 

ee 

AO6, Rec. 
Ao6t 


A06..%%--DiAf£+ 


Summary of Average Monthly Relative Humidity Data (%) 
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time, the maximum percent difference occurring in March 1977 (-22Z). 
The summers of 1975 and 1977 show an above average relative humidity, 
the maximum being 8 percent. 


5. Solar Radiation 


Integrated hourly values of incident solar radiation were recorded 
at Jll and AO6. These data were summed to give a total daily value of 
solar radiation in langleys. The only useful data for the premining 
period were those collected at AO6. 


The monthly AO6 data were compared with the long-term monthly 
averages at Wooster, Ohio, located 40 miles to the north of the A06 
site. The records for both and their percent differences are given in 
Table 34. Recorded AO6 data were almost always lower than the long- 
term Wooster average. The differences were substantial, ranging from 
-.6 to -50 percent. The apparent discrepancy in the records will be 
investigated. 


at eee 


Sees 


Average Monthly Solar Radiation Data Associated With Watershed A0O6. 


% Difference 


Table 34. 
Year and Month 
Site 1975 1976 
6 ji 8 9 10 eh NB Ub Zz 3 4 5) 6 7 8 9 
Wooster Avg. 
(Langleys) 508 503 444 354 272 £59 133 174 234 286 368 462 508 BOS 444 Say 
AO6 Recorded 
(Langleys) 532 ayy fs’ 414 292 238 158 ss ee Lig 183 239 404 AGL 432 411 368 298 
AO6 
Difference +5 +15 -7 -18 -12 >-1 -17 —32 -23 -16 +9 -4 -15 -18 -17 -16 
Year and Month 
1976 1977 
10 alegl 12 ik 2 3 4 ] 6 7 8 9 10 11 12 
Wooster Avg. 
(Langleys) 272 159 133 sae 237 286 368 462 508 503 444 354 272 159 133 
AO6 Recorded 
(Langleys) 188 158 thus 147 187 252 308 446 337 404 323 259 186 80 69 
AO6 
-31 >-1 -14 -16 -—21 -12 -16 -3 —24 -20 -27 -27 -32 -50 -48 


6. Wind 


A summary of the range of average daily wind speeds for the 
C06, MO9, and AO6 sites is given in Table 35. Data for the J1l site 
were not collected for this part of its premining phase. Generally, 
wind speeds were much greater at AO6 than at the other sites. This 
is probably due to the greater exposure of the wind instrument near 
the AO6 site. 


Table 35. Summary of the Range of 2-Meter Average Daily 
Wind Speeds 


Site Range of Average Daily 
Wind Speed (mph) 


C06 0.2 to 52S 
MO9 Oat 320 
AO6 . 2 tor 95 


7. Snow and Frozen Ground 


The snow data indicate that there was snow on the ground (100% 
cover) for much of the 1976-77 fall and winter seasons and all of the 
1977-78 winter season for the MO9, J1l, and AO6 sites. Intermittent 
snow cover existed at the C06 site during the 1975-76 winter season, 
prior to mining. 


Extreme snow and frozen ground data are summarized in Table 36 for 
all the study sites. The deepest snow measured was 11.5 inches at the 
MO9 site. The largest water content in the snow pack was also at MO9: 
1.82 inches of water in 10.5 inches of snow. The deepest depth of 
frozen ground was 8 inches at the C06 site. 


8. Soil Moisture 


In presenting the average soil moisture data for each watershed, 
no attempt was made to assign weights to the individual soil moisture 
tubes. Because the tubes were distributed over the entire watershed, 
an unweighted average was used. The enveloping curves of soil moisture, 
derived by plotting the maximum values for each depth, are presented 
for each site, as are time traces of average watershed soil moisture. 
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Table 36. Summary of Extreme Snow and Frozen Soil Data 


Site 


Location Location |Date 


C06 6.5 - #16 tube 1/22/76@°0.35 1.0 Gdnustrument 21/15/76) 8-0- = OpeneAtes. 27/77 76-6 
Plot 2/9/76 
MOS ELe5 - #14 tube L/TS/ Pie E82 SEOL5 GLO tube P/US/ 77 4220 Several LAGI 77 
Tubes 
J1l 3.0 61 Instrument 12/9/77 0.61 3.0 Instrument 12/9/77 3.0 Several P2780f77 
Plot Plot Tubes 
A06 224 - Instrument 12/29/76 - = “ - 2.0 Several 12/29/76 & 


Plot Tubes 12/28/77 


The record periods for each watershed did not overlap in all 
cases; therefore, the data were collected during different weather 
patterns. Also, a completion of a yearly cycle of watershed soil 
moisture was precluded by the mining activity at C06 and MO9 and by 
Eeerarbitrary cut-offi date of December, 3h, 1977 for+J11.2: Data are 
not available for the MO9 and J1l sites for the winter and spring 
seasons, but all seasons are fairly well represented for the C06 and 
AO6 sites. Soil moisture data were not collected at JO8. Data were 
collected once every one or two weeks at all sites. 


The enveloping curves for soil moisture depth distributions 
throughout the time period for each watershed are shown in Figure 42. 
All graphs show the same basic shape - wide at the top and narrow at 
the bottom. This indicates that most hydrologic activity occurs in 
the top 9 inches. The 9-15 inch depth shows the next most active 
hydrologic zone. The 18-48 inch depths are least active. The wide 
variation of soil moisture in the 0-9 inch zone reflects recharging 
due to precipitation and snowmelt, and discharging either to the 
atmosphere through evapotranspiration or to the ground-water zone 
through percolation (see Figure 26). 


Table 37 summarizes the average watershed soil moisture data 
used to construct the enveloping curve in Figure 42. In terms of 
absolute percent by volume, soil moisture below the top 9 inches 
increased in Watersheds AO6, C06, Jll, and MO9, in that order. 


The table also shows that the ranges in soil moisture change, for 
the periods of record, decreased in the same order, AO6, CO6, J1l, and 
MO9. Coarser-textured residual soils can infiltrate and percolate 
water more readily than the finer textured soils. Superimposed on 
the soil characteristics was the effect of vegetative cover and root 
penetration. The watersheds were less forested in the same order, 
AO6, C06, J1ll, and MO9, and thus there was a decreasing opportunity 
for deeper withdrawal of water by roots by transpiration. Similar 
ranges in soil water contents due to vegetative cover were observed 
by Harrold and Dreibelbis (1967). 


Time traces of average premined soil moisture for each water- 
shed are presented in Figures 43-46. As noted, the surface to 9 inch 
zone was the most hydrogically active. If more frequent sampling was 
made, or if more sampling was made after storms and at the end of dry 
periods, the 0-9 inch graphs would have more and higher peaks and 
lower valleys. These figures also show that the fall and summer 
seasons had drier profiles than in the spring and winter, a conse- 
quence of the evapotranspiration exceeding precipitation during those 
seasons. 


The extremes, dates, and ranges in total profile average water- 


shed soil moisture for the periods of record are given in Table 38. 
The values for the range include the influence of the active 0-9 inch 
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Table 37. Average Watershed Soil Moisture Extremes (% water content by volume). 


Depth Range (In.) 


E5251 


site | 0-9 9-15 is-21. 2 Teor 27-33 33-39 39-40 
A06 

MAX; — 31-8 S759) 9-2 32.2 ame 30.3 31.2 
Hine 1863 RY GB femal ge gr mae Aaya yee: Ze? 24.0 25.0 
DIFF. 18.5 9.0 7.7 7.9 me 7a Bh 6.2 
C06 

MAX. 33.8 13904 eae aaa 32.2 ey Spies 
MIN. 17.2 Sais wn Seca Y Bk remem As 28-7 28.7 207 274 
DIFF. 16.6 75 6.2 a5 ae oe 3.8 ZaG 
Slael. 

MAX. 39.1 Vio agp Ie 33.8 33.0 32.5 32.0 
MIN. 19.1 Sect) 29%8 8 a8077 30.2 29.7 29.3 29.0 
DIFF. 20.0 7.0 4.9 3.8 anG jee 3.2 3.0 
Moo 

MAX. 39.9 N54) vs eats S70 0b Wiens a7 375 37.8 ey 
Mines 21.4 Fste | 3Se8 8 | eaeT BAue se) BVA, 34.7 
DIFF. 18.5 ey aes Zs oe, dese ey 3.0 
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Figure 45. Time Distribution of Average Soil iMfoisture at Different Depths for Unmined 
Watershed A06 


horizon, the values for which may have been taken at any time, includ- 
ing immediately after a storm, causing large variations in total 
profile moisture. 


Because differences in soil moisture storage were an indication 
of the infiltration and percolation capabilities of the watersheds, 
they had differing runoff potential for any given event. It appears 
from the data that watershed runoff potential increased in the order 
AO6, CO6, Jll, and MO9. As the data are further analyzed and used in 
modeling, this relationship between sites will be further defined. 


Table 38. Summary of Extreme Soil Moisture Data in the Top 
51 Inches of Watershed Soils 


Minimum 
Soil Moist. 


Maximum 
Soil Moist. 


Site 


Clits) (In. Range (In.) 
C06 16.66 13329 SEY, 
MO9 18235 Loeo0 Leos 
Je Lieag LPs 3.46 
A06 05.93 LEDS 4.35 


9. Infiltration 


The rainfall simulator-infiltrometer system described in the 
Experimental Design and Procedures section was utilized to obtain 
infiltration data at four different sites. Data from three of the 
prominent soils at Watershed C06 (Coshocton, Gilpin, and Dekalb) and 
from the Rayne soil at the North Appalachian Experimental Watershed 
(near Watershed AO6) are listed in Tables 39-42. The data are pre- 
sented graphically in Figures 47-50. 


Soil moisture was gravimetrically determined using samples col- 
lected immediately before and after the infiltration run. These data 
are also in Tables 39-42 and are plotted as an insert in Figures 
47-50. The values were only representative of the moisture trends 
since sampling was extremely difficult at the wooded sites. 


Prior to the initiation of surface runoff at ‘two of.the’ C06 sites 


(Coshocton and Gilpin soils), a significant amount of water was 
retained by the site, and a "shingle" leaf runoff (significant for 
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Table 39. 


Mrvecracion. and) 501. Moisture’ Data’ for’ Coshocton ‘Soil 


on Watershed C 


06. 


btuese werOCaduion LA. on Froures /iiand’ 1 


Date: October 28, 1976 


1 


Cover: Wooded site with six %-inch (dia.) bushes; 
five l-inch bushes; two 2-inch trees; one 
3-inch tree; 1.5 inches of duff and 2 inches 
of leaves. 


Slope: ~ 31 per 


Soil Moisture 


cent 


(In) (4) (4) (Min. ) 


Q-1 


1-2 


2-3 


3-4 


Zoe7 
UO 
15.4 
14.9 
15.0 
LS=6 
ihe 
1960 
1-90 
20.8 
AoE 
Ld 3 


W7e5 


BOe2 


22 
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Infiltration 
Cin Hes) 

@) 2500 
ore 1.93 
9)..5 Oo 
14:5 1.89 
E30 AST AS} 
2025 10 
IRs) 124 
PS ee: eZ 
345) «91 
393) . 86 
44.5 75 
49-534 - 
64.5 80 
69.5 OO 
714.49 de) 


Table 39. (Cont'd) Infiltration and Soil Moisture Data for 
Coshocton Soil on Watershed CO6. 


Soil Moisture Infiltration 
Cine) (7) CA) (Min.) | (In. /Hre 

84.5 nal is 

97.0 . 66 
116.0 64 
is FAS) we 
LSifaO 256 
167.0 Jo 


laverage of 2 gravimetric samples taken outside plot. 

2Average of 3 gravimetric samples taken at end of run. 

3Application rate of 2.00 In./Hr. for 3% hrs. Air temperature about 40°F. 
Water flow to modules interrupted. 
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Table 40. Infiltration and Soil Moisture Data for Gilpin Soil 
on Watershed C06 
Site: Location IB on Figures 7 and ll 
Date: November 2, 1976 


Cover: Wooded with small brush on plots; 1 to 1.5 
inches of duff and 3 layers of new leaves. 


Slope: 30 percent 


Soil Moisture Infiltration 

Depth Before Run After Run Time Rate 
(ins) (Z) CZ) (Min. ) CLtier/ Ga.) 
Duff 84.3 - iL 230 
0-1 36242 _ 4 2750 
1-2 B220 - ik 220 
2-3 Se] - valk #6 MS. 
3-4 270 ~ oul 2220 
4-5 2226 - 41 2520 
5-6 ae ae BE - 56 Zee 
6-8 jie - 76 AR ee 
8-10 12 0 - 96 1.70 
10-12 eee - 116 ia? 
lRainfall of .5 inch occurred on 10-30-76. de TO 
2 average of 3 gravimetric samples just 156 1.39 
outside plot visibly moist to depth of ° 
14 inches. (Two values discarded.) 191 1.35 
oor ; : : 
Moisture determinations not adequate to 

determine moisture changes. 196 eh 
4application rate of 2.5 inches per hour for ; 

‘ O 
3.5 hours. Air temperature 40°F. 202 1.32 
208 Leo2 
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Table 41.° Infiltration and’ Soil MoisturesDatastor Dekalb Soul 
on Watershed C06 
Slee: Location IC on Figures 7 and 11 
Date: November 1976 


Cover: Wooded; small brush on plot; 4-5 layers 
of leaves; and 1-1.5 inches of duff 


Slope: 40 percent 


Depth Before Run After Run Time Rate 
(ims) CZ) Ca (Min. ) (In. /iimes 
Duff 65. - 0 220 
0-1 Tes? Bye!) i 2.49 
1-2 16.4 Zoe Za5 2.42 
2-3 HOeS LSeA 338 2e20 
3-4 URS wea L623 a0) Zeke 
4-5 aS Diy 8 Zales 
5-6 Lin6 14.4 1S ag is: 
6-8 JAE CS: sie, 18) Za 
8-10 LOL 14.5 eS) Pg yi ND) 
10-12 Died ye - 45 UES, 
12-14 LOeG - ay) ay Gs. 


Iooil very difficult to sample due to large number of stones. 
2Average of 2 gravimetric samples taken outside plot. 
3 Average of 3 gravimetric samples taken outside plot. 

Application rate of 2.5 In./Hr. for 3 hours. Water apparently lost 
from plot due to rock bed. Runoff from leaf surface. Sunny, with 
air temperature in 50's. 
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Table 42. Infiltration and Soil Moisture Data for Rayne Soil 
on Watershed 129 at North Appalachian Experimental 
Watershed. 


Site: Located about 1/2 mile to northeast of 
Watershed AO6. 

Date: October 19, 1976 

Cover: Grass, pasture-height about 2 inches 


Slope: 15 percent 


Soil Moisture Infiltration 

ial (%) (%) (Min. ) Cin. /Ht.) 
0-1 Tae 2959 5 1.00 
1-2 15) 197-3 18 1.00 
2-3 Los law ZY, 0-93 
3-4 Bape 169 29 0.86 
4—5 Lis 16.3 35 0.78 
5-6 Lakes 41.42 45 0-37 
6-7 10.9 1221 DD 26 
7-8 D2 eZ 12.5 65 0.54 
8-9 4.7 13.4 75 0.54 
9-10 12.4 ue 85 Wusk 
95 0.46 
105 0.48 
115 0.48 
125 0.46 


1 average of 3 gravimetric samples just outside plot. 
Average of 3 gravimetric samples taken at end of run. 
Application rate of 1 inch for 2 hours. 
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SOIL MOISTURE ,% 
2.5 30 40 


PA Re ee 


5 —_ After 


INFILTRATION ,IN./HR. 
}O 


0.5 


0) 10 ee) 10 1s 2.0 (a) 3.0 3.5 
TIME (t), HRS. 


Figure 47. Infiltration and Soil Moisture for Coshocton 
Soil on Watershed C06 
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INFILTRSTION, IN./HR. 


SOlL MOISTURE, % 
10 20 30 40 


DEPTH, IN. 
@ + 


X) 


act Je 
INF=2.270 bO4) 25 — 


APPLICATION RATE OF 2.5 IN./HR. FOR 3.5 HRS. 


O 0.5 1.0 Ws) 2.0 (2a 3.0 Si 
TIME (t), HRS. 


Figure 48. Infiltration and Soil Moisture for Gilpin 
Soil on Watershed C06 
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INFILTRATION, IN./HR 


2.0 


0.5 


SOIL MOISTURE, % 
10 20 30 40 


INL =195e 032 40.47 


APPLICATION RATE OF 1.0 IN./HR. FOR 2.5 HRS. 


Figure 49. 


as 1.0 
TIME (t), HRS. 


Infiltration and Soil Moisture for Rayne Soil 
on Watershed 129 at North Appalachian 
Experimental Watershed 
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INFILTRATION, IN./HR. 


SOIL MOISTURE , % 


APPLICATION RATE OF 2.5 IN./HR. FOR 3 HRS. 


Figure 50. 


1.0 
TIME’ {t)% *HRS- 


Infiltration and Soil Moisture for 
DeKalb Soil on Watershed C06 


- 163.- 


small plots) developed on these wooded sites. This runoff ranged 

from 0.16 to 0.24 inches per hour. At the Dekalb soil site this leaf 
runoff amounted to about 0.34 inches per hour, and the infiltration 
capacity of the site was not reached with a constant application 

rate of 2.5 inches per hour for three hours. It is likely, however, 
that water was lost from behind the cut-off wall through root channels. 


The infiltration capacity values for the Coshocton, Gilpin, and 
Rayne soils were consistent, except for a break in the curve for the 
Coshocton soil resulting from an interruption of water application, 
and are representable by a three parameter equation. This equation, 
representing an analogous resistance - capacitance electric circuit, 
is of the form 


Int. Rate (Cincjur.)) = Ae + B, 


where A is the maximum unadjusted rate, C is the time constant, and 

B is a steady state term. For infiltration, the first term represents 
the transient capillary force that is highly significant during the 
initial infiltration phase and the second term can be visualized as 
the equilibrium infiltration or the saturated hydraulic conductivity 
of the soil. At application rates of 2.0 and 2.5 inches per hour, the 
equilibrium rates of 0.56 and 1.25 inches per hour (Figures 47 and 48) 
were reached in about 3 and 4 hours for the Coshocton and Gilpin 
soils, respectively. 


The infiltration equation presented above, similar to an 
equation presented by Horton (1933), can be expressed in terms of soil 
water volumes, a time constant for the transient phase, and a con- 
stant term. These values can be easily obtained by use of the infil- 
trometer, thereby affording an assessment of the runoff generation 
expected from different hydrological inputs for a variety of surface 
conditions. 


LO. Spring Discharge 


Spring discharge data were collected to determine the magnitude 
of the load of water quality constituents supplied by a monitored 
seep to base flow, and to verify simulated seepage flow obtained by 
ground-water modeling. 


Breakpoint spring flow stage data were tabulated with at least 
one reading per day at midnight and were converted to flow rates. The 
springs were destroyed when mining began. 


The springs exhibited a long-term trend of slowly decreasing 
flow at the C06 and MO9 sites. Flow at the MO9 site ceased in the 


fall. At least two factors caused this decrease and cessation of 
flow: 


Vers 


1. The dry season of the year. 


2. The watersheds adjacent to the study watershed were being 
mined causing the ground-water table to drain to the mined 
side of the: watershed. 


The C06 spring discharge increased slightly before it was 
destroyed. Table 43 shows the monthly volumes of water that flowed 
from each spring and the average daily flow rates. The AO6 spring 
discharged at a higher rate than either C06 or MO9, about 8 times 
their average daily rates. Table 44 shows the summary of extreme flow 
rates for the springs. The MO9 spring was dry for much of the time and 
was possibly affected by mining on the back side of the watershed. 


I. Bunott 


Mining commenced on Watersheds CO6 and MO9 before data for a full 
year were obtained. Premining data were not obtained for the late fall 
for C06, and for the winter and early spring for the MO9 site. The 
monthly yield runoff hydrographs of all outlet and small watershed 
measuring stations are shown in Figures 51 and 52. Table 45 gives the 
AO6 outlet data from which Figure 51 was derived. The monthly percent 
difference shows the variation of the short-term record from the 
long-term record. 


The long-term average and observed monthly flows (water yields) 
for AO6 are given in Table 45, along with percent departure from 
average monthly flows. The averages were obtained for the period from 
1967 through 1977, except for a three-year break in the record from 
July, 1972 through June, 1975..-The-water yield for the two and one- 
half years based on data obtained since July 1975 were higher than 
average for half of the record. The time distribution of flow for the 
whole record (Figure 51) shows how the runoff pattern varies from the 
average pattern. The largest deviation was +312 percent in December, 
1977 and the smallest was -5 percent in July, 1975. 


The total water yield and precipitation for each study watershed, 
including peak flows and causative precipitation, are summarized in 
Table 46. Peak flow hydrographs and the causative precipitation 
patterns are shown in Figures 53-56. 


The peak flow rate for Watershed CO6 occurred after an extended 
dry period of zero flow for nine days. As a result, much of the rain 
was abstracted to satisfy the depleted soil moisture storage. This 
partially accounts for the low 7 percent runoff coefficient for this 
storm (Figure 53). 


The MO9 hydrographs in Figure 54 resulted from rainfall on a 
moderately dry soil. The large and small watershed hydrographs in 
Figure 54 show the outlet peak lags the small watershed peak by 8 
minutes. 
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Table 43. Summary of Monthly Volumes of Premining Spring Discharge Data (ft? of water) 
and Average Gallons Per Day 


| Year and Month Total 
1975 Flow 


1 D 3 4 5 9 10 it 12 ft3/mo. 
CO6 = == — cas =a = 
MO9 -- -- -- -- -- -- 
A06 104M 3080 10806 14506 $716 19359 
C06 eae 2854Me 04735 84432. 35410) 180) 2120335 3147 1608e— 1607 920 1292 
MO9 = = = 27 IMS G51) §3888 - 4559 35045 1128 737 13 0.0 


AOG me 3090L) 45964 9532398 45393) (26005. 318070 —26403 .019552. 1485314196" 14 Osea 9G 


L977 


C06 216M -- -- = -- == mwah ao ao 
MO9 0.0 0.0 0.0 0.0 0.0 -— -- = -- 


A06 T4196, 17452 45804" 51491 ~366662 16416 )-151538° 44196 ~18903 


M - Number based on missing data in the record 


Le 


- Average for period April through October, 1976. 


ae ae On eo IeS 
=e _ Ey Sis 352) oy OCR 


28165 30038 61194) 7365142580520 


* 


Table 44. Summary Extremes of Premining Spring Discharge Data 


Minimum Maximum Range of 
bite Discharge Discharge Average Daily 
(cfs) (cfs) Discharge (cfs) 
co6lt 0.0003 0.012 0.0003 - 0.0052 
Mo92 0.0 0.0214 020 ta =- 10.0032 
A063 0.0008 0.0712E 0.0008 - 0.0444 


E - Estimated flow 
Spring located at outcrop of No. 6 coal 
Spring located at outcrop of No. 9 coal 
3Spring located near outcrop of No. 4 coal 
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Figure 51. 
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Time Distributions of Ifonthly Yields for Unmined 
Watershed A96 
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Figure 52. Time Distributions of ilonthly Water Yields Lot 


Watersheds C06, MO9, and J1l 
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Table 45. Monthly Long-Term Average and Observed Runoff for Watershed A06 


Year and Month 


Item 1975 1976 

7 8 9 10 11 12 1 2 3 d 5 
A06 
Avg. (In.) .9474 .1955 .2244 .3104 .3944 1.3356 3.4077 1.0179 1.6533 2.5390 2.5075 1.9644 
A06 
Rec. (In.) bi813 =%2505 £8271 1.0356 .50281.215269 4.3242 2.8582 3.6944. 3.0587 91,7082. 7382 
% Diff. -81 +28 4969 +4234.) 497 eras 27 +180 +123 20 =o7 -62 

1976 1977 

6 7 8 9 10 11 12 1 2 3 
A06 | | 
Avg. (In.) .3985 .9474 .1955 .2244 .3104 .3944 1.3356 13.4883 1.0179 1.6533 215390 
A06 
Rec. (In.)  .5242 68999 .2560 .1119 .1564 .1539 .1737 14.3287 .1191 .6498 2.2040 
% Diff. 122 -5 75 le 50 =50p4u 61 -87 +6 -88 261 -13 

1977 
i 5 6 7 8 9 10 11 2 Total 

A06 


Avg. (In.) 2.9075 1.9644 .3985 SL Cee 2244 .3104 3968) 13396 13.4883 


Rec. (in.) 2.8539 e240) DOS e2040,- 41230 -4841 ~7/370 1.2494 5.5084 ye 2989 


A Diff: +14 -51 -62 -72 -3] +116 eae. 2.7, 5 2 13 


< Tit - 


Table 46. Summary of Runoff Data. 


Peak Event 


Total Total l 
Site Precip: Flow Yield Date Flow Yield tor Causative Yield Antecedent 
‘Ube Gin.) KGes) Event-(Cin.) | precip. (1n.) Conditions 
C06 
Outlet 33.54 10.19 30 7/08/76 3.00 0.18 203 LT Dry 
MO9 : 
Outlet Z0r2 2.44 12 J/ EV 76 81.95 roe 40 Moderately 
| oaOZ Dry 
Small WS 20.93 i. 4 7/11/76 6.90 0.58 19 
Jil 
Outlet 27.14 fark iy | 8 V/20G 77 Loree 0.14 7h 
1.93 ee 
Small WS 25.06 OS 2 TPh24 7 d We ony 0.14 7 
AO06 
Outlet 9532 332.95 36 7/11/76 13.80 0.50 29 
wy oe Wet 
Small WS 87.95 28 <1 T/A 76 eroL 0.05 Z 


lpercent of Precipitation 
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Figure 53. Runoff Hydrograpvh and Causative Precinitation for the Peak Flow Hydrograph 


for Watershed C06 
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Figure 54. Runoff Hydrogravhs and Causative Precinitation for the 
Peak Flow Hydrographs for Watershed M09 
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Figure 55. 
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Runoff Hydrographs and Causative Precipitation for Peak 
Flow Hydrographs for Watershed J1l 
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Runoff Hydrographs and Causative Precipitation for the 
Peak Flow Hvdrogranhs for Unmined “atershed A06 


The J1l hydrographs in Figure 55 resulted from rainfall on 
dry soils. There was no flow for one day prior to this event; a rare 
occurrence. Both watersheds yielded the same runoff in terms of 
inches over different size areas. The soils were essentially the 
same for the watersheds and this helps explain the similar yields. 
The reason for the higher peak yield for the small watershed may 
have been due to the presence of a seep in the small watershed about 
100 feet upstream from the weir. Figure 4 shows the outcrop of the 
number 11 coal, the source of the seep. 


The hydrographs for AO6 resulted from precipitation on moderately 
dry to wet soils (Figure 56). The difference between yields for the 
two AO6 sites (Table 46) was due to the predominance of a well-drained 
Dekalb soil in the small watershed and the occurrence of return flow 
(seeps and springs) above the outlet weir on the large watershed. The 
AO6 hydrographs are shown to have peaked about the same time, indi- 
cating a possible error in the timing of the runoff record. 


The short period of runoff records at the C06 and MOY sites 
during the premining phase necessitates a deterministic modeling 
approach for assessing premining hydrology. Data will become suffi- 
cient, however, at the AO6 and J1l sites for developing and evaluating 
such a model. The model can be refined for application to the C06 
and MO9 sites by incorporating the short term record and by relying 
on soil moisture data for a refined definition of the hydrologic 
response of the separate hydrologic units in the watersheds. 
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IV. SURFACE-WATER QUALITY 


A. Experimental Procedure 


Surface-water samples (base-flow and runoff) from four of the study 
watersheds (C06, MO9, J1l, and AO6), Figure 1, were obtained to deter- 
mine various water quality parameters. These samples were collected 
either by hand (grab sample) or, in a few instances, by automatic 
sampling devices. The frequency of sampling varied from watershed to 
watershed, depending upon the number of runoff events. The collected 
runoff and base-flow samples were treated and prepared for analyses 
according to the procedures which are schematically presented in 
Figure 5/7. Among the reported parameters, color, pH, flow rate and 
temperature of water were measured in the field, and the remaining 
parameters were determined in the laboratory. 


The procedures used for determination of the various water quality 
parameters were as follows: standard methods (A.P.H.A., 1975) 
for acidity, alkalinity, bicarbonate, carbon dioxide, chloride, color, 
hardness, nitrate, pH, phenol, sulfate, suspended solids, and dissolved 
solids; inductively coupled argon plasma method for aluminum, antimony, 
barium, cadmium, calcium, copper, iron, lead, magnesium, manganese, © 
nickel, phosphorus, silver, sodium, strontium, and zinc; electrode 
method for ammonia, cyanide, fluoride, and hydrogen sulfide; atomic 
absorption for arsenic (graphite rod), and mercury (flameless); diphenyl- 
carbazide method (Brown et al, 1970) for hexavalent chromium; and fluoro- 
metric method (Olson et al, 1975) for selenium. 


In addition to runoff and base-flow samples, monthly precipitation 
samples from MO9 and J1l sites were obtained and analyzed for aluminun, 
antimony, barium, bicarbonate, cadmium, calcium, copper, hydrogen sul- 
fide, iron, lead, magnesium, manganese, nickel, nitrate nitrogen, pH, 
phosphorus, silver, sodium, specific conductance, strontium, sulfate, and 
Zinc. 


Since the quantities of sediment collected for each runoff or base- 
flow event at a given site were too small for the complete analyses, the 
sediment samples obtained from each site (C06, MO9, AO6, and J11l) from 
different events were combined until sufficient quantities were collected 
from a given site for chemical analyses. Thus, the reported values on 
the concentration of different parameters determined for the sediment 
fractions are for composite samples. 


B. Results and Discussion 
The range and average values for different surface-water quality 


parameters for base-flow and runoff water samples from unmined Watersheds 
C06, MO9, J1l and AO6 are shown in Tables 47-72. In addition to these 


=-l/i - 
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Figure 57. Schematic of Procedures for Treatment of Water Samples 
ee ee een ee 
1.1 Aliquot for acidity, alkalinity, bicarbonate, and CO, 
1.2 Aliquot for nitrate and ammonia N (store et (-4C) 
1, Raw Untreated 4 
(Sediment 1.3 Aliquot for phenol (store in glass bottle at <C) 
undisturbed) 1.4 Aliquot for cyanide (treat with NaOH and store at 4C) 
1.5 Aliquot for sulfide (treat with NeOH and store at 4C) 
2. Raw Untreated 


(Sediment 2.1 Aliquot for suspended solids 
suspended) 


3.1.1 Aliquot for SO, C1°, and Fo 
3.1.2 Aliquot for dissolved solids 


Water 3.1.3.1 Aliquot for Al, Sb, 

r Ba, Cd, Ca, Cr, Fe, 
Bediment Pb, Mg, Mn, Ni, P, 
Samples 3.1 Water phase Ag, Na, Sr, and Zn 


3.1.3 Acidify the 
remaining Hz0 3.1.3.2 Aliquot for Hg 


with HNOs 3.1.3.3 “Aliquot for As 
3. Raw Untrested 3.1.3.4 Aliquot for cr?6 
(Contrifuged and 3.1.3.8 Aliquot for Se 
filtered through 
4S ea) 


3.2.1.1 Aliquot for Hg 


e6eae All for SO 
Win puarurcah |e se & oe ee 


3.2 Sediment phase a 2 va non- 3.2.1.3 Aliquot for TOC 
eevee 3.2.1.4 Aliquot for Al, Cd, 


Ca, Cu, Fe, Pb, Mg, 
Mn, Ni, P, Na, Sr, 
and Zn 

3.2.1.5 Aliquot for pH 


/ 


Table 47. Analytical Results for Base-Flow Water Samples (Grab, 5) 
from Weir at CO6 (Unmined) Watershed Site. 


Parameter 


Acidity 
Alkalinity! 
Aluminum 
Ammonia (N) 
Antimony 
Arsenic 
Barium 
Bicarbonate 
Cadmium 
Calcium 
Carbon Dioxide 
Chloride 
Chromium 
Color? 

Copper 
Cyanide 
Fluoride 
Hardness® 
Hydrogen Sulfide 
lron 

Lead 
Magnesium 
Manganese 
Mercury 

Nickel 

Nitrate (N) 

pu( Field d) 
Prenols 
Phosphorus 
Selenium 
Silver 

Sodium 
Strontium 
Sulfate 
Temperature 
ZiAc 

Flow Rate | 
Suspended Solids 
Dissolved Solids 


1 As calcium carbonate 
2 0-500 color units 


Range 


Units 
meq/1 0.06 
mg/l ay 
ug/l oo 
mg/1 <1). 0} 
ug/l <2] 
ug/l <I 
wg/1 32 
mg/1 30 
ug/l] <] 
mg/1 Tor9 
mg/l Speak 
mg/1 es 
ug/l <10 

10 
ug/1 2 
mg/1 <0.01 
mg/1 0.06 
mg/l 80 
mg/l <0. OF 
ug/1 13 
ug/l ES 
mg/l 2.4 
ug/1 10 
ug/1 =1 
ug/1 <12 
mg/1 <O.1 

* 
ug/l oe 
mg/1 <05.05 
ug/l 0. 1 
ug/1 <3 
mg/1 5.3 
yg/1 62 
mg/l 34 
ce - 
ug/ 3 
CES 0.0035 
mg/l none 
mg/l 114 


Calcium and magnesium 


* Not measured 
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05 <A) e 


CO NH 
N 
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Table 48. Analytical Results for Runoff Water Samples (Grab, 4) 
from Weir at CO6 (Unmined) Watershed Site. 
\ 


Parameter 


Acidity 
Alkalinity! 
Aluminum 
Ammonia (N) 
Antimony 
Arsenic 

Barium 
Bicarbonate 
Cadmium 
Calcium 
Carbon Dioxide 
Chloride 
Chromium 
Color 

Copper 

Cyanide 
Fluoride 
Hardness® 
Hydrogen Sulfide 
Iron 

Lead 
Magnesium 
Manganese 
Mercury 

Nickel 

Nitrate (N) 

pH (Field) 
Phenols 
Phosphorus 
Selenium 
Silver 

Sodium 
Strontium 
Sulfate 
Temperature 
ZINC 

Flow Rate 
Suspended Solids 
Dissolved Solids 


meq/1 
mg/l 
ug/1 
mg/1 
ug/l 
ug/l 
ug/l 
mg/1 
ug/1 
mo/1 
mg/1 
mg/l 
ug/1 


ug/l 
mg/l 
mg/l 
mg/1 
mg/1 
ug/l 
ug/1 
mg/1 
ug/1 
ug/1 
ug/l 
mg/1 


ug/l 
mg/l 
ug/1 
ug/l 
mg/1 
ug/1 
mg/1 
Ce 
ug/1 
CES 
mg/1 
ng/1 


0.08 0 
9 19 
55 501 
0.04 0 
27 <26 
<1 
19 49 
il 25 
<2 
90 gh 
4 5 
<Q. 0 
<10 <= 12 
4-5 400 
, 18 
<O502 6) 
0.08 
35 45 
=<0701 
36 308 
<4 <15 
SA0 5 
20 Zila 
<l 
<6 <18 
et il 
* 
6 9 
<0.03 Os 
Oz 0. 
<7 <5 
Pat i 
Gy 45 
20 24 
18 Dade 
2 71 
0.8043 4 
97 1640 
66 100 


a 


> de 


ON 


cOd 


+. 769 


Average 


Oo 10 


C207 


A 
co) 
- OV 


<0 One 


<0 55m 


2.107 


eee A ee ee eee ee 
1 As calcium carbonate 


2 0-500 color units 


Calcium and magnesium 


* Not measured 
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Table 49. Analytical Results for Base-Flow Water Samples (Grab, 1) 
from Reservoir at C06 (Unmined) Watershed Site. 


Parameter Units Quantity 


Acidity meq/1 0.10 
Alkalinity! mg/1 51 
Aluminum ug/1 37 
Ammonia (N) mg/1 <0.01 
Antimony ug/l <27 
Arsenic ug/l <1 
Barium ug/l 20 
Bicarbonate mg/l 62 
Cadmium ug/l <4 
Calcium mg/1 oon” 
Carbon Dioxide mg/1 6) 
Chloride mg/l 228 
Chromium ug/1 <10 
Color? 40 
Copper ug/1 5 
Cyanide mg/1 <0.01 
Fluoride mg/l OME 
Hardness° mg/1 125 
Hydrogen Sulfide mg/1 <0.01 
Iron ug/l 2S 
Lead ug/l 29 
Magnesium mg/1 10.9 
Manganese ug/l 462 
Mercury ug/l <I 
Nickel ug/1 29 
Nitrate (N) mg/1 <0. 1 
pH (Field) : 
Phenols ug/l <4 
Phosphorus mg/1 0.35 
Selenium ug/l 0.7 
Silver ug/l <3 
Sodium mg/1 3.8 
Strontium ug/l 110 
Sulfate mg/l 69 
Temperature Ge J 
Zinc ug/l 20 
Flow Rate. CFS peO8G 
Suspended Solids mg/1 ROeS 
Dissolved Solids ng/1 160 


i As calcium carbonate 
0-500 color units 
Calcium and magnesium 

* Not measured 
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Table 50. Analytical Results for Base-Flow Water Samples (Grab, 5) 
from Large Weir at MO9 (Unmined) Watershed Site. 


| Average 


Parameter 


Acidity meq/1 0.16 0.63 0.30 
Alkalinity! mg/1 116 157 139 
Aluminum ug/l <14 191 <56 
Ammonia (N) mg/1 <0. 01 <0.04 <(at2 
Antimony ug/1 <1] 38 <26 
Arsenic ug/1 <] <2 EE, 
Barium ug/1 23 80 S9 
Bicarbonate mg/1 142 191 169 
Cadmium ug/1 <2 <4 <3 
Calcium mg/l 46.4 86.9 64.9 
Carbon Dioxide mg/1 0.6 28.8 Lasse 
Chloride mg/1 524 Vis6 See 
Chromium ug/1 <10 <12 < 15 
Color? 2-3 5 4 
Copper ug/l 1 4 <2 
Cyanide mg/l <0.01 0.01 <O'0F: 
Fluoride mg/1 0.08 0.18 Oels 
Hardness°> mg/l 185 522 246 
Hydrogen Sulfide mg/1 <0. G1 <O2 UL 
Iron ug/1 7 140 46 
Lead ug/l <13 33 <18 
Magnesium mg/1 14.8 Ses 208 
Manganese ug/1 ih 57 24 
Mercury ug/1 <] 3 <2 
Nickel ug/1 <6 56 <2F, 
Nitrate (N) mg/1 <Q} Li <0.6 
pH (Field) is 

Phenols ug/l <4. 7 <2 
Phosphorus mg/1 <0.02 0.09 <0.04 
Selenium ug/1 OFZ 023 On 
Silver ug/1 <0 ) <3 
Sodium mg/1 SON) Oz./, 5.6 
Strontium ug/1 234 397 507 
Sulfate mg/l 31 56 43 
Temperature Cy 1 21 15 
Flow Rate CFS 0.0045 O20524 020202 
Suspended Solids mg/1 none 415 13% 
Dissolved Solids mg/l 12g 281 229 


re ee 
L As calcium carbonate 

0-S00 color units 

Calcium and magnesium 
* Not measured 
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Table 51. Analytical Results for Runoff Water Samples (Grab, 2) 
from Large Weir at MO9 (Unmined) Watershed Site. 


Parameter 


Acidity 
Alkalinity! 
Aluminum 
Ammonia (N) 
Antimony 
Arsenic 

Barium 
Bicarbonate 
Cadmium 
Calcium 

Carbon Dioxide 
Chloride 
Chromium 
Color? 

Copper 

Cyanide 
Fluoride 
Hardness> 
Hydrogen Sulfide 
Iron 

Lead 

Magnesium 
Manganese 
Mercury 

Nickel 

Nitrate (N) 

pH (Field) 
Phenols 
Phosphorus 
Selenium 
Silver 

Sodium 
Strontium 
Sulfate 
Temperature 
Zinc 

Flow Rate | 
Suspended Solids 
Dissolved Solids 


1 As calcium carbonate 
0-500 color units 


Units 


meq/1 
mg/l 
ug/l 
mg/1 
ug/l 
ug/l 
ug/1 
mg/1 
ug/l 
mg/1 
mg/1 
mg/l 
ug/l 


ug/l 
mg/1 
mg/l 
mg/1 
mg/1 
ug/1 
ug/l 
mg/1 
ug/1 
ug/l 
ug/l 
mg/1 


ug/1 
mg/1 
yg/1 
ug/1 
mg/l 
ug/1 
mg/1 
Ce 
ug/1 
CES 
mg/1 
mg/l 


Calcium and magnesium 


* Not measured 


Quantity 
#] #2 
0.09 0.06 
202 40 
lyf) 580 
0.02 0.29 
<26 <26 
ah << 
fie 67 
246 49 
<2 es 
7230 L325 
3.9 25 
poet 0.6 
ays ay, 
‘a 3-4 
5 3 
<O5.0 0 <0202 
0.18 0.14 
261 60 
<0. 01 <O202: 
135 521 
<15 <15 
19.2 BS) 
47 138 
<l <l 
29 <18 
<8 202 
* 

6 10 
<0;03 <0.03 
Ons O22 
3 <3 
6.0 0.9 

336 70 
36 Hes 
al zy 
6 1s: 
0.1495 RS AAVAS ie 
241 1980 
324 87 


Average 


0.08 
Ver 
S76 


Table 52. Analytical Results for Base-Flow and Runoff Water Samples 
(Grab, one sample each) from Small Weir at MO9 (Unmined) 
Watershed Site. 


Quantity 


Parameter Runoff 
Acidity meq/1 OF V1 0.08 
Alkalinity! mg/l 62 40 
Aluminum ug/l 616 219 
Ammonia (N) mg/l 0.02 0.05 
Antimony ug/l <26 <26 
Arsenic ug/1 <a) al 
Barium ug/1 42 pay 
Bicarbonate mg/1 AS 49 
Cadmium ug/1 <2 <2 
Calcium mg/l beieas: ZO 
Carbon Dioxide mg/1 6.0 4.9 
Chloride mg/l Nee es 
Chromium ug/l a2 Ves: 
Color : 1-2 
Copper ug/1 5 <2 
Cyanide mg/1 <0.01 <0.01 
Fluoride mg/l (one as) OZ 
Hardness° mg/1 108 63 
Hydrogen Sulfide mg/1 50.01 <0.01 
Iron e/a B25 119 
Lead ug/1 <0 —15 
Magnesium mg/1 Sede) 2.9 
Manganese ug/l oh 52 
Mercury ug/1 <1 <] 
Nickel ug/1 <18 <18 
Nitrate (N) mg/1 0.6 16 
pH (Field) i 
Phenols ug/l 11 a 
Phosphorus mg/1 0.12 <0.03 
Selenium ug/1 0.3 Oe 
Silver ug/1 <3 <3 
Sodium mg/1 See kes 
Strontium ug/1 127 72 
Sulfate mg/l 26 18 
Temperature eG 18 pag 
LILAC ug/1 ay 3 
Flow Rate GES: <0.0021 OSESS 
Suspended Solids mg/1 fips) 84 
Dissolved Solids mg/1 25 oS 


se a 
a As calcium carbonate 

0-SOO color units 

Calcium and magnesium 
* Not measured 


gia 


Table 53. 


Analytical Results for Base-Flow Water Samples (Grab, 3) 
from Large Flume at J1l (Unmined) Watershed Site. 


Parameter 


Acidity 
Alkalinity! 
Aluminum 
Ammonia (N) 
Antimony 
Arsenic 
Barium 
Bicarbonate 
Cadmium 
Calcium 
Carbon Dioxide 
Chloride 
Chromium 
Coloré 

Copper 

Cyanide 
Fluoride 
Hardness® 
Hydrogen Sulfide 
Iron 

Lead 

Magnesium 
Manganese 
Mercury 

Nickel 

Nitrate (N) 

pur trield) 
Phenols 
Phosphorus 
Selenium 
Silver 

Sodium 
Strontium 
Sulfate 
Temperature 
Zinc 

Flow Rate 
Suspended Solids 
Dissolved Solids 


Units 


meq/1 
mg/l 
ug/l 
mg/1 
ug/l 
ug/l 
ug/l 
mg/l 
ug/l 
mg/1 
mg/l 
mg/1 
ug/1 


ug/1 
mg/1 
mg/1 
mg/1 
mg/1 
ug/l 
ug/l 
mg/1 
ug/1 
ug/1 
ug/l 
mg/l 


ug/1 
mg/1 
ug/l 
ug/1 
mg/l 
ug/1 
mg/l 
Cu 
ug/l 
CES 
mg/t 
mg/l 


I As calcium carbonate 


2 9-500 color units 


Calcium and magnesium 


Range 
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SU 


<O2 


JUS 


oUe 


.0038 


a 


ON 


Pil 4 


~k06] 


a4 I) 


ait 1A 


Ely 


“03 


042 


Table 54. Analytical Results for Runoff Water Samples (Grab, 4) 
from Large Flume at J1l (Unmined):Watershed Site. 


Parameter 


Acidity 
Alkalinity! 
Aluminum 
Ammonia (N) 
Antimony 
Arsenic 
Barium 
Bicarbonate 
Cadmium 
Calcium 
Carbon Dioxide 
Chloride 
Chromium 
Color2 

Copper 

Cyanide 
Fluoride 
Hardness® 
Hydrogen Sulfide 
Iron 

Lead 
Magnesium 
Manganese 
Mercury 

Nickel 

Nitrate (N) 

pH (Field) 
Phenols 
Phosphorus 
Selenium 
Silver 

Sodium 
Strontium 
Sulfate 
Temperature 
Zinc 

Flow Rate 
Suspended Solids 
Dissolved Solids 


meq/1 
mg/1 
ug/l 
mg/l 
ug/l 
ug/l 
ug/l 
mg/l 
ug/l 
mg/1 
mg/1 
mg/l 
ug/l 


ug/1 
mg/l 
mg/1 
mg/1 
mg/l 
ug/1 
ug/1 
mg/1 
ug/l 
ug/l 
ug/l 
mg/1 


ug/l 
mg/1 
ug/1 
ug/l 
mg/1 
ug/l 
mg/l 
Ce 
ug/l 
CFS 
mg/L 
mg/l 


<10 


209 


; 01 


. 0200 


(ee) 


02 
SS) 


.08 


a7 0 


.O5 


np i 


.O1 


i es Te ce 
1 As calcium carbonate 


0-500 color units 


Calcium and magnesium 
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Table 55. Analytical Results for Base-Flow Water Sample (Grab, 1) 
from Small Weir at J1l (Unmined) Watershed Site. 


Parameter 


Acidity meq/1 0.07 
Alkalinity! mg/1 28 
Aluminum ug/1 pie 
Ammonia (N) mg/1 0.17 
Antimony ug/1 Bas 
Arsenic ug/1 <] 
Barium ug/l 14 
Bicarbonate mg/1 34 
Cadmium ug/1 <6 
Calcium mg/1 10.6 
Carbon Dioxide mg/l 3.5 
Chloride mg/1 0-5 
Chromium ug/l <10 
Color 100 
Copper ug/1 4 
Cyanide mg/l <0.01 
Fluoride mg/1 On k7 
Hardness° mg/1 38 
Hydrogen Sulfide mg/1 <0.01 
Iron ug/l 40 
Lead ug/l <10 
Magnesium mg/1 al, 
Manganese ug/1 5 
Mercury ug/l avs 
Nickel ug/1 <6 
Nitrate (N) mg/1 es 
“pH (Field) ire 
Phenols ug/l 7 
Phosphorus mg/1 0.11 
Selenium ug/1 0.3 
Silver ug/1 <2 
Sodium mg/1 0.45 
Strontium ug/1 41 
Sulfate mg/1 14 
Temperature Ce g 
Zinc ug/1 13 
Flow Rate CFS 0.0141 
Suspended Solids mg/1 18 
Dissolved Solids mg/l 130 


i As calcium carbonate 
0-500 color units 
Calcium and magnesium 
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Table 56. Analytical Results for Runoff Water Samples (Grab, 4) 
from Small Weir at J1ll (Unmined) Watershed Site. 


Parameter Average 


Acidity meq/1 0.04 0.08 0.06 
Alkalinity! mg/1 8.6 17 13 
Aluminum yg/1 22 84 44 
Ammonia (N) mg/1 0.06 0.45 Oe ds: 
Antimony ug/1 <10 <15 Sy} 
Arsenic ug/l <] ali 
Barium ug/l 9 26 14 
Bicarbonate mg/1 10 od 16 
Cadmium ug/1 <3 <6 <4 
Calcium ng/1 a 15.6 8.3 
Carbon Dioxide mg/1 4.7 53.1 18.4 
Chloride ng/1 Tes wed Suk 
Chromium ug/l <10 10 <10 
Color? 500 1000 700 
Copper ug/l 4 6 5 
Cyanide mg/1 <0 01 CeO <0.08 
Fluoride mg/1 Or1 0.14 OFZ 
Hardness> mg/1 16 Si 30 
Hydrogen Sulfide mg/1 <0.01 <0.01 
Iron ug/l 30 67 44 
Lead ug/1 <12 <14 < 1% 
Magnesium mg/1 i Se ZhaS 
Manganese ug/1 d eos 13 
Mercury ug/l <1 <2 <2 
Nickel ug/1 <9 <18 <5 
Nitrate (N) mg/1 TO D2 235 
pH (Field) 6.4 ee se 
Phenols ug/1 fi 11 8 
Phosphorus mg/1 0.510 0.32 0322 
Selenium ug/1 Dee 0.4 CEs 
Silver ug/l <3 <4 <4 
Sodium me/1 0.24 0.74 0.40 
Strontium ug/l 19 58 32 
Sulfate mg/1 8 16 b2 
Temperature Ce 0 26 7 
Zinc ug/1 <1) <5 <3 
Flow Rate CFS 0.018 0.129 -0.074 
Suspended Solids mg/1 8 2590 734 
Dissolved Solids mg/1 55 124 73 


1 As calcium carbonate 
0-S00 color units 
Calcium and magnesium 
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Table 57. Analytical Results for Base-Flow Water Samples (3) 


from Weir at AO6 (Unmined) Watershed Site. 


Parameter Range | Average 
Acidity meq/1 0.06 0.35 Alpe We 
Alkalinity! ng/1 58 larg 86 
Aluminum ug/l <6 46 <2? 
Ammonia (N) mg/1 <0.01 0.03 <0 OP 
Antimony ug/l <1: 2} <18 
Arsenic ug/l “ai <2 = 
Barium ug/l 35 57 43 
Bicarbonate mg/1 fal 142 105 
Cadmium ug/1 <3 8 <6 
Calcium mg/1 2 Tee 50.7 38.7 
Carbon Dioxide mg/1 9.0 16.0 123 
Chloride mg/l 4.8 8.4 6.9 
Chromium ug/1 <10 <10 
Color 10 100 50 
Copper ug/l 2 7 4 
Cyanide mg/1 <0.01 405. OL 
Fluoride mg/1 OO 0,22 ‘Ose owe 
Hardness® mg/1 103 186 147 
Hydrogen Sulfide mg/1 <0.01 <0.01 
Iron ug/l <5 50 <22 
Lead ug/l] <13 54 <27 
Magnesium mg/1 8.6 14.3 We 2 
Manganese ug/l 94 608 344 
Mercury ug/l <l <2 <2 
Nickel ug/1 <9 8 <35 
Nitrate (N) mg/1 <Oen Oua/ <O3 
pil (Field) 6.8 6.8 
Phenols ug/1 <4 <4 
Phosphorus mg/1 <0.02 <0.05 <0.05 
Selenium ug/l Q.2 0.4 0x3 
Silver ug/l ot 9 <5 
Sodium mg/1 dint 26.5 19.9 
Strontium ug/1 108 258 188 
Sulfate mg/1 58 69 65 
Temperature ex 0 7 S 
Zinc ug/1 <2 7 <5 
Flow Rate GES 0.0065 0.0164 0.0098 
Suspended Solids mg/1 none 134 45 
Dissolved Solids mg/1 159 310 244 


ee ee Ee 


l as calcium carbonate 


2 9-500 color units 


3 Calcium and magnesium 
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Table 58. Analytical Results for Runoff Water Samples (10) 
from Weir at AO6 (Unmined) Watershed Site. 


Parameters 


Acidity 
Alkalinity} 
Aluminum 
Ammonia (N) 
Antimony 
Arsenic 
Barium 
Bicarbonate 
Cadmium 
Calcium 

Carbon Dioxide 
Chloride 
Chromium 
Color2 

Copper 
Cyanide 
Fluoride 
Hardness® 
Hydrogen Sulfide 
Iron 

Lead 
Magnesium 
Manganese 
Mercury 

Nickel 

Nitrate (N) 

pH (Field) 
Phenols 
Phosphorus 
Selenium 
Silver 

Sodium 
Strontium 
Sulfate 
Temperature 
ZAC 

Flow Rate 
Suspended Solids 
Dissolved Solids 


meq/1 
mg/l 
ug/1 
mg/1 
ug/1 
ug/1 
ug/l 
mg/1 
ug/l 
mg/1 
mg/1 
mg/l 
ug/l 


ug/1 
mg/1 
mg/1 
mg/1 
mg/1 
ug/l 
ug/1 
mg/1 
ug/l 
ug/l 
ug/l 
mg/1 


ug/1 
mg/1 
ug/l 
ug/] 
mg/1 
ug/1 
mg/l 
C= 
ug/l 
CFS 
mg/1 
mg/1 


02035 


<10 


0207 


<0 0L 


0.260 


83 


HS 


Average 


.08 


Ba 0 


© 


.10 


Z0T 


ee eee 
1 As calcium carbonate 


0-500 color units 


Calcium and, magnesium 


Table 59. Analytical Results for Base-Flow Water Samples (5) From 
Weir at C06 (Unmined) Watershed Site (Analyzed by USGS) 


Parameter Units Range Average 


Alkalinity mg/1 (CaCOz) 35 49 42 
Aluminum* ug/1 100 21,000 7500 
Ammonia mg/1 0 Os 4 DUS 
Antimony* ug/l 0 1 0.6 
Arsenic* ug/l 0 Z 0.6 
Barium* ug/l 0 200 66 
Bicarbonate mg/l 18 60 40 
Cadmium* ug/l 0 1 0-5 
Calcium mg/1 li) 25 17 
Carbon dioxide mg/l 24 2d 25 
Chloride mg/l 2.4 3.35 228 
Chromium* ug/l 0 10 Oie/, 
Solore: 1 210 45 
Copper* ug/l 0 20 10 
Cyanide mg/1 0 0.01 0.005 
Fluoride mg/l ere 
Hardness* mg/1 41 92 69 
Hydrogen sulfide mg/1 0 0 

Iron ug/l 40 140 88 
Iron* pe/1] 280 34,000 7458 
Lead* ug/l 2 21 9 
Magnesium mg/l 4 $35 O25 
Manganese ywg/l 80 210 140 
Manganese* ug/l 90 1100 354 
Mercury* ug/l <0.5 
Nickel* ug/l 3 35 23 
Nitrate mg/1 0.04 0.40 O722 
pH (Field) 6.1 Ga 6.4 
Phenols ug/l 0 2 0.6 
Phosphorus * mg/1 0.01 0256 0.2 
Seienium* ug/l 0 2 0.6 
Silver* ug/l 0 ] 5 
Sodium mg/1 2.9 Anz 35 
Sp. Conductance umhos 15 215 169 
Strontium* ug/l] SO 150 100 
Sulfate mg/l 34 45 41 
Temperature CC 1 14 6 
Zinc* ug/] 20 110 oe 
Flow rate CFS 0.03 O7 21 Gar 


me 


* Unfiltered 
** 9-500 color units 
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Table 60. Analytical Results for Runoff Water Samples (3) From Weir 


at C06 (Unmined) Watershed Site (Analyzed by USGS) 


Parameter 


Alkalinity 
Aluminum* 
Ammonia 
Antimony* 
Arsenic* 
Barium* 
Bicarbonate 
Cadmium* 
Calcium 
Carbon dioxide 
Chloride 
Chromium* 
Colores 
Copper: 
Cyanide 
Flouride 
Hardness* 
Hydrogen sulfide 
Lron 

Iron* 

Lead* 
Magnesium 
Manganese 
Manganese* 
Mercury* 
Nickel* 
Nitrate 

pHE Gere id) 
Phencls 
Phosphorus* 
Selenium* 
STINE T* 
Sodium 

Sp. Conductance 
SeronuLums 
Sulfate 
Temperature 
Lines 

Flow rate 
Suspended solids 


* Unfiltered 


Units 


mg/1 (CaCO3) 


ug/l 
mg/1 
ug/1 
ug/l 

g/l 
mg/1 
ug/l 
mg/l 


mg/1] 
ug/1 


ug/1 
mg/1 
mg/l 
mg/1 
mg/1 
ug/] 
ug/1 
ug/l 
mg/l 
ug/1 
ug/l 
ug/1 

g/l 
mg/1 


ug/] 
mg/l 
ug/1 
Heyal 
mg/l 
umhos 
ug/l 
mg/1 
Gz 
ug/l 
GES 
mg/l 


** 0=500 ‘color anrts 


290 


= 192 = 


Range 


-03 


5 TAL 


205 


ato 


Average 


N 
NW 


0213 


1.36 


Table 61. Analytical Results for Base-Flow Water Samples (5) From 
Weir at AO6 (Unmined) Watershed Site (Analyzed by USGS) 


Parameter 


Alkalinity 
Aluminum* 
Ammonia 
Antimony* 
Arsenic* 
Barium* 
Bicarbonate 
Cadmium* 
Calcium 
Carbon dioxide 
Chloride 
Chromi um* 
folor** 
Copper* 
Cyanide 
Fluoride 
Hardness* 
Hydrogen sulfide 
Iron 

Pron* 

Lead* 
Magnesium 
Manganese 
Manganese* 
Mercury* 
Nicke]l]* 
Nitrate 

pH (Field) 
Phenols 
Phosphorus* 
Selenium* 
Silver” 
Sodium 

Sp. Conductance 
StrTOntiumn* 
Sulfate 
Temperature 
Lnc* 

Flow rate 


* Unfiltered 


Units 


mg/1 (CaCOz) 
ug/l 
mg/l 
ug/l 
ug/l 
ug/l 
mg/l 
yeg/l 
mg/1 
mg/1 
mg/1 
ug/l 


ug/l 
mg/1 
mg/l 
mg/l 
mg/l 
yg/l 
yg/1 
ug/1 
mg/1 
ug/l 
ug/l 
ug/l 
ug/1 
mg/l 


yg/1 
mg/l 
yg/1 
ug/1 
mg/l 
ymhos 
ug/l 
mg/l 
Go 
ug/l 
CES 


2250-500 color units 


Range 


oo oS 


.04 


nAmnwvaywn 


Average 


<O'7 


Table 62. Analytical Results for Runoff Water Samples (3) From 
Weir at AO6 (Unmined) Watershed Site (Analyzed by USGS) 


Parameter | Units | Range | Average 


Alkalinity mg/1 (CaCOz) - - - 
Aluminum* um/1 710 10,000 3970 
Ammonia mg/l 0.01 0.06 0.04 
Antimony* ug/l 0 Z ii 
Arsenic* ug/l 0) 5 <2 
Barium* ug/l 100 200 133 
Bicarbonate mg/l 1S 2 lek 
Cadmium* ug/l 0 
Calcium mg/l 9 15 12 
Carbon dioxide mg/1 ee 16.8 ge 
Chloride mg/1 ae Dal: pg| 
Chromium* ug/l 0. 10 7 
CoLOwe 16 200 108 
Copper* yg/1 0 10 r; 
Cyanide mg/l 0 
Fluoride mg/l O21 Od <a 
Hardness* mg/l 55 48 47 
Hydrogen sulfide mg/1 0 
Iron ug/l 80 270 Lan 
Tron? ug/l] 1400 18,000 7000 
Lead* ug/1 a 20 1s 
Magnesium mg/1 3 5 A, 2 
Manganese ve/h 20 110 S56 
Manganese* ug/] 70 810 Ses 
Mercury* ug/1 <0 55 
Nickel* ug/l) 7 kak 21 
Nitrate mg/l 0.58 1G deel 
pHeChield) 6215 
Phenols ug/l 0 i: <] 
Phosphorus* mg/1 0.08 0.45 O24 
Selenium* ug/1 0 1 <1 
Silver* ug/1 0 I <] 
Sodium mg/l Va | al Z 
Sp. Conductance umhos 130 176 Lau 
Strontium* yg/1 40 70 60 
Sulfate mg/l 27 39 34 
Temperature he oes S¥0 4x2 
Zinc* ug/l 10 70 40 
Flow rate CFS dal. Zaz 1S 
Suspended solids mg/1 28 43 55 


* Unfiltered 
S*) O25) COLOn snes 
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Table 63. 


Site 


A06 


A06 


J1l 


J1l 


apg) 


J11 


C06 


C06 


MO9 


MO9 


MO9 


M09 


Large 


Large 


Large 
Large 
Small 


Small 


Large 


Large 


Large 
Large 
Small 


Small 


BF 


RO 


BF 


RO 


BF 


RO 


BF 


RO 


BF 


RO 


BF 


RO 


= 19> 


No. 
events 


10 


Conc. range | Conc. avg. 
mg/1 mg/1 
0 134 45 
25 260 147 
13 72 44 
25 195 118 
18 18 18 
8 2590 734 
0 978 247 
97 1640 870 
0 415 igew 
241 1980 1110 
Us 15 75 
84 84 84 


Concentration of Suspended Solids in Base-Flow and Runoff 
Water Samples from Different Watersheds. 


Type of 
Watershed sample 


| 


Table 64. Analytical Results for Precipitation Samples at MO9 
(Unmined) Watershed Site. 


Parameter | Unit | Jan. 1972 


Aluminum ug/l 87 
Antimony ug/l <i 
Barium ug/1 SS 
Bicarbonate mg/1 None 
Cadmium ug/1 8 
Calcium mg/1 Leen 
Copper ug/1 29 
Hydrogen Sulfide mg/1 
Iron ug/1 68 
Lead ug/1 Ke 
Magnesium mg/1 Qt 
Manganese ug/l 20 
Nickel ug/1 30 
Nitrate (N) mg/1 “0 on 
pH (Lab) 4.4 
Phosphorus mg/1 0.06 
Silver ug/1 4 
Sodium mg/1 0.56 
Sp. Conductance umhos/cm 24 
Strontium ug/1 5 
Sulfate mg/l 3 
LING ug/1 105 


* Not measured 


** Sample contamination from soldered stainless steel raingauge 
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Table 65. Analytical Results for Precipitation Samples (9) 
at J1l (Unmined) Watershed Site. 


Aluminum ug/l <6 1100 193 
Antimony ug/1 <9 <17 <14 
Barium ug/l <2 6 <3 
Bicarbonate mg/1 none 4.2 0.6 
Cadmium ug/1 <3 vig <5 
Calcium mg/1 0.04 4.2 12 
Copper ug/l <1 39 <12 
Hydrogen Sulfide mg/1 <0.01 <0.01 
Iron ug/1 <5 83 <35 
Lead ug/1 AN 38 <18 
Magnesium mg/1 0.01 On73 ORAS 
Manganese ug/1 <] 42 19 
Nickel ug/1 <7 So <15 
Nitrate (N) mg/1 0.4 520 1.2 
pH (Lab) 4.0 5.6 4.4 
Phosphorus mg/1 <0.02 0.05 <0.03 
Silver ug/1 <2 <5 <3 
Sodium mg/1 0.06 0.81 O21 
Sp. Conductance umhos /cm 26 87 44 
Strontium ug/1 <l 9 4 
Sulfate mg/l <2 10 5 
Zinc ug/1 <5 150 <4] 


eee 


~ al SIS 


Table 66. Analytical Results for Sediment Fraction of Base-Flow 
Water Samples from Weir at CO6 (Unmined) Watershed Site. 


Parameter Unit Quantity* 
Calcium mg/g 290%, 
Magnesium mg/g L362 
Aluminum mg/g 5.64 
Iron (total) ng/g 132 
Manganese ng/g Liz 
Phosphorus (total) mg/g 0. 579 
Cadmium mg/g 0.001 
Copper mg/g 0. O12 
Lead mg/g 0.019 
Zim mg/g O° 656 
Nickel mg/g 0.027 
Sodium mg/g 0.066 
Strontium mg/g 0.013 
Mercury ug/g OF0 78 
Sulfate mg/g 0.24 
pH 6.6 
TOC mg/g 14.7 


* Composite of 3 samples obtained on 5-16-76, 5-25-76 and 7-16-76. 
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Table 67. Analytical Results for Sediment Fraction of Runoff Water 
Samples (Grab) from Weir at C06 (Unmined) Watershed Site. 


Parameter Unit Quantity* — 


Calcium mg/g 237 
Magnesium mg/g bars 
Aluminum mg/g 6.86 
Iron (total) mg/g 138 
Manganese mg/g 0.757 
Phosphorus (total) mg/g 0.403 
Cadmium mg/g 0.003 
Copper mg/g 0.012 
Lead ng/g 0.020 
ZAnKC ng/g 0.054 
Nickel mg/g 0.015 
Sodium mg/g 0.058 
Strontium mg/g O20 01 
Mercury ug/g 0.063 
Sulfate mg/g 0.26 
pH 6.4 
TOC mg/g 7.2 


* Composite of 4 samples obtained on 7-8-76, 7-23-76, 7-24-76 and 8-15-76. 
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Table 68. Analytical Results for Sediment Fraction of Base-Flow Water 
Samples from Large Weir at MO9 (Unmined) Watershed Site. 


Calcium mg/g Lom, 
Magnesium mg/g ha 
Aluminum mg/g 9.32 
Iron (total) mg/g 14.8 
Manganese mg/g 1.19 
Phosphorus (total) mg/g 0.648 
Cadmium mg/g 0.002 
Copper mg/g 0.019 
Lead ng/g 0.028 
Zinc mg/g 0.067 
Nickel mg/g 0.036 
Sodium ng/g 0 2096 
Strontium mg/g 0.049 
Mercury ug/g I {Se 
Sulfate mg/g 0.32 
pH too 
TOC mg/g 12, 


eS 


* Composite of 3 samples obtained on 5-24-76, 7-8-76 and 8-15-76. 
I.S. = Insufficient sample 
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Table 69. Analytical Results for Sediment Fraction’ of Runoff Water 
Samples (Grab) from Large Weir at MO9 (Unmined) Watershed 


SLee. 

Parameter Unit Quantity* 
Calcium mg/g 5.64 
Magnesium mg/g 2042 
Aluminum mg/g 6.30 
Iron (total) mg/g 10.8 
Manganese mg/g 0.837 
Phosphorus (total) ng/g OHSS2 
Cadmium mg/g 0.002 
Copper mg/g 0.013 
Lead mg/g 0.018 
Zinc mg/g 0.039 
Nickel mg/g 0.015 
Sodium mg/g 0.062 
Strontium mg/g 0.026 
Mercury ug/g 0.035 
Sulfate mg/g 0.23 
pH Te4 
TOC" ng/g 1037 


Cr EN a ee 


* Composite of 2 samples obtained on 6-30-76 and 7-11-76. 


= 201 - 


Table 70. Analytical Results for Sediment Fraction of Combined 
Base-Flow and Runoff Water Samples (Grab) from Small Weir 
at MO9 (Unmined) Watershed Site. 


Parameter Unit - | Quantity* 


Calcium mg/g 6.39 
Magnesium mg/g 2.52 
Aluminum mg/g 10's2 
Iron (total) mg/g 16-51 
Manganese mg/g 0.907 
Phosphorus (total) mg/g 0.796 
Cadmium mg/g 0.002 
Copper mg/g 0.019 
Lead mg/g 05026 
Zinc mg/g 0.080 
Nickel mg/g 0.054 
Sodium mg/g 0.070 
Strontium mg/g 0203) 
Mercury ug/g 1S2 
Sulfate mg/g O23 
PH ioe 
TOC mg/g PES 


* Composite of baseflow sample obtained 6-30-76 and of runoff sample obtained 


I.S. = Insufficient sample 
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Table 71. Analytical Results for Sediment Fraction of Runoff Water 
Sample (Grab) from Small Weir at J1l (Unmined) Watershed Site. 


Calcium mg/g 2.40 
Magnesium mg/g ioe 
Aluminum mg/g 6.80 
Iron (total) mg/g 1s ey 
Manganese mg/g 0.597 
Phosphorus (total) mg/g 0.399 
Cadmium mg/g <0.001 
Copper mg/g Or Ors 
Lead mg/g 0-025 
ZING mg/g 0.046 
Nickel mg/g 0,023 
Sodium mg/g 0.058 
Strontium mg/g 0.014 
Mercury ug/2Z Os 
Sulfate ng/g 0.24 
pH 6.6 
TOC mg/g TBD 


*For runoff event on 7-25-77. Mercury 

**Mercury value obtained from composite of 2 subsequent events occuring on 
5-12-77. 

TBD = To be determined 
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Table 72. Analytical Results for Sediment Fraction of Runoff Water 
Samples from Weir at AO6 (Unmined) Watershed Site. 
ie enanerneL Miah TM eh eee 


Parameter 
Quantity* 


Calcium mg/g Bi26 
Magnesium mg/g 2.52 
Aluminum mg/g 7.99 
Iron (total) mg/g h7a2 
Manganese mg/g 0.960 
Phosphorus (total) mg/g 0.648 
Cadmium mg/g <0.001 
Copper ng/g 0.015 
Lead mg/g 0.022 
Zine mg/g 0.094 
Nickel mg/g 0.018 
Sodium mg/g 0.082 
Strontium mg/g 0.017 
Mercury ug/g aoe 
Sulfate mg/g LS 
pH | Oy 
TOC mg/g 14.4 


* Composite of 4 samples obtained on 7-8-76, 2-24-76, 4-2-77 and 5-6-77. 
I.S. = Insufficient sample 


= PAN ee 


samples which were analyzed by OARDC, runoff and base-flow water samples 
(grab samples) from the main weirs on Watersheds AO6 and MO9 were 
collected during November 1975 through March 1976. These were shipped 
to the USGS Central Laboratory in Albany, New York for chemical analyses 
while the OARDC laboratory was being instrumented. The range and mean 
values for each parameter for the water samples analyzed by USGS are 
shown separately in Tables 59-62. Because these samples were treated 
differently than the others, their results were not included in the 
discussion. 


Among the various parameters, the average concentrations of 
alkalinity, barium, calcium, chloride, magnesium, sodium, strontium, 
and total dissolved solids in base-flow water samples from Watershed 
CO6 (Tables 47 and 48) were higher, and aluminum and suspended solids 
were lower compared with values obtained for runoff samples. The 
analyses of a base-flow water sample from the reservoir at Watershed C06 
(Table 49) showed that the concentrations of all parameters with the 
exception of a few, such as dissolved solids, hardness, sulfate, etc., 
were considerably lower than those for base-flow samples obtained from 
Watershed C06 before reaching the reservoir. 


The analyses of base-flow and runoff water samples from the large 
weir at Watershed MO9 (Tables 50 and 51) revealed that there were some 
differences in the concentrations of various measured parameters. The 
average concentrations of aluminum, iron, manganese, and suspended 
solids in base flow were considerably lower than in runoff samples, 
while alkalinity, hardness, strontium, sulfate, and dissolved solids 
were higher. Similar results were obtained for base-flow and runoff 
water samples from the large flume (Tables 53 and 54) and the small weir 
(Tables 55 and 56) at J1l and also from Watershed AO6 (Tables 57 and 58). 


Since all chemical parameters are reported on the basis of concen- 
tration, flow rate becomes an important factor in water quality of unmined 
watersheds. This is evident when comparison is made between base-flow 
and runoff water from a given watershed. Generally base-flow water, as a 
result of reduced water volume, showed a higher dissolved solids content 
than the comparatively more dilute runoff water. The same can be said of 
the effect of flow rate on water composition within a series of samples 
of either type, whether base-flow or runoff. Thus, the dissolved solids 
content of both runoff and base-flow water tended to vary inversely with 
flow rate. 


Runoff water, probably as a result of lower concentrations of major 
constituents, tended to show an increased solubility for certain, but not 
all, trace metals. Iron, aluminum, and manganese, where differences 
existed between base flow and runoff, tended to be elevated in runoff 
water. However, this was not uniformly the case, exceptions being ele- 
vated manganese in base-flow water from the small watershed at MO9. 
Ammonia, nitrates, phosphates, and phenols, where differences existed, 
were more likely to be found in runoff water. As would be expected, 
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suspended solids and color were higher in runoff water, but the differ- 
ences between base flow and runoff with respect to these parameters 
varied widely. 


While acidity showed a relatively wide range among all samples, 
average acidities for base-flow and runoff water samples from all sites 
were similar, with the exception of base-flow water from AO6 and the 
large watershed at MO9, where the average acidity was elevated 2 to 4 fold. 


A number of parameters were consistently either too low to quantify 
or found only in ultratrace (less than 100 ppb) amounts in both base- 
flow and runoff water. These included arsenic, mercury, selenium, silver, 
cadmium, hexavalent chromium, phenols, copper, cyanide, lead, antimony, 
nickel, zinc, and hydrogen sulfide. Except for an occasional slightly 
higher value in the data, it may be said generally that arsenic, mercury, 
and selenium did not exceed 2 ppb; silver 5 ppb; cadmium, hexavalent 
chromium, phenols, cyanide, and hydrogen sulfide 10 ppb; copper 20 ppb; 
lead and antimony 50 ppb; nickel and zinc 100 ppb. 


As an illustration of the preceding discussion of trends in the 
composition of base-flow and runoff waters, attention is drawn to Table 
52 which compares single sample data for both base flow and runoff from 
Watershed MO9. These data conformed generally, but not absolutely to 
the overall patterns of trends observed for water samples. Notable 
exceptions in this case were the relatively higher concentrations of 
iron, aluminum, and manganese in the base-flow water. It was apparent 
that the general pattern of water composition, being largely due to flow 
rate, was not universally applicable to all the data presented and hence 
did not constitute a paradigm in any strict sense. 


Considering the average concentrations of different water quality 
parameters in water samples from four watersheds, it was quite evident 
that the concentration values of various parameters found in these 
samples were as low or lower than the recent U. S. Environmental Pro- 
tection Agency recommended concentrations in drinking water (EPA, 1977). 
Suspended solids in runoff water samples Was the only parameter that 
appeared to be higher in concentration at times (Table 63) than the 
desirable level for drinking water. The average concentrations of sus- 
pended solids in runoff water ranged from 118 to 1110 mg/l for the J1l and 
MO9 large watersheds, respectively. In general, the average concen- 
trations of suspended solids in runoff water samples were several fold 
higher than concentrations in their corresponding base-flow samples 
(Table® 63). 


Analyses of monthly composite precipitation samples from MO9 and 
J1l (Tables 64 and 65) indicated that the concentration of several 
parameters in precipitation equaled or exceeded the concentrations of 
corresponding parameters in runoff water. However, the precipitation 
data for MO9 were marred by the facts that: 1. only one monthly 
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composite sample was collected prior to mining, and 2. during the first 
seven months, precipitation was collected in a soldered stainless steel 
raingauge and showed, by comparison with subsequent analyses on precipi- 
tation collected in a plastic raingauge, slight, but significant, ele- 
vations in the concentrations of copper, zinc, and manganese and a 
dramatic increase in lead. The lead concentration of the precipitation 
collected in the soldered stainless steel raingauge increased to a 
maximum value of 0.8 ppm in February, 1977, compared with an average of 
less than 15 ppb lead in later samples from plastic raingauges. Accord- 
mgiy, in the case of MO9, the contribution to runoff water quality from 
precipitation was based on the seven-month period from August, 1977, 
through February, 1978, during which time precipitation was collected 
exclusively in plastic. While it is possible to imagine that precipi- 
tation during this period in the vicinity of disturbed land could be 
modified by entrapment of airborne particles, comparison with precipi- 
tation from Jll showed no differences with respect to the parameters 
under consideration. 


Presented are the concentrations of different chemical constituents 
of the sediment fraction for base flow and runoff from unmined C06 and MO9 
in Tables 66-70, and runoff from J1ll and AO6 in Tables 71 and 72. 


Since the reported results for a given watershed were based on the 
sediment chemical analyses of a single sample (composite of several 
events), no range or average concentrations for any of the measured 
parameters could be obtained. Although the changes in the concentrations 
of a given parameter with respect to time could not be determined due to 
the confounding effect of sediment sampling, the concentrations of 
the measured parameters from base flow and runoff could be compared. 
With the exception of total organic carbon (TOC), the concentrations of 
various parameters in the sediment fraction for base flow were nearly 
the same as for runoff water samples obtained from the C06 watershed 
site. However, for the MO9 site, the concentrations of all constituents 
in the base-flow sediment fraction were considerably higher than in run- 
off sediment with the exception of the cadmium concentrations which were 
the same in runoff and base-flow sediment samples. Irrespective of the 
watershed sites, the order of concentrations of the major constituents 
in the sediment was iron 2 TOC > aluminum > calcium > magnesium > 
manganese. 
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V. GROUND-WATER HYDROLOGY 


A. Experimental Procedures 


Descriptions of the geology and ground-water conditions are 
based mainly on subsurface data. Data collection for Watershed C06, 
MO9, J1l, JO8, and AO6 are summarized in Figure 58-62 and described 
below. The last premining data at C06 were collected in November, 
1976 and at MO9 in December, 1976. Data from the unmined watersheds 
(J11, JO8, and AO6) were collected before March, 1978. 


Continuous coring provided stratigraphic definition of each water- 
shed. A single core was obtained near the divide of each watershed, 
except at C06, where cores from three locations were used to construct 
the stratigraphic column (Figures 16-20). 


Observation well networks were established in each watershed. The 
wells were drilled by the air-rotary method and each was cased so as to 
be open to only one of three major saturated zones. Most wells were 
completed in or fully penetrate one of the top two zones. At JO8, only 
one well was constructed in each zone. Four wells were redrilled, and 
slotted casing was installed because of caving. Well W157, a dug well 
in the upper part of the middle aquifer at AO6, is a Science and 
Education Administration (U. S. Department of Agriculture) well. The 
"dug" well at MO9 is an unused domestic well in the upper part of the 
middle aquifer. At C06, MO9, and AO6, elevations were determined at 
each observation well from nearby bench marks, and those at J1l were 
determined from an assumed elevation based on the U. S. Geological 
Survey topographic map. Elevations of wells were not determined at JO8. 
Data pertaining to the wells are listed in Table 73. At the mined sites, 
all wells were destroyed by mining except W10-3 at C06, and W5-2 and W10-3 
at MO9. 


Gamma and electric logs were collected from most wells and core 
holes, and caliper and neutron logs were collected from selected wells. 


Water levels were measured monthly in all wells and recorded hourly 
using digital recorders in selected wells. 


Aquifer tests (pumping and slug tests) were made at MO9 and AO6 to 
determine hydrologic properties. Mining took place before any tests 
were made at C06, and many of the wells at MO9 were destroyed before 
testing began. Pumping rates (about half of a gallon per minute) and 
duration of pumping (1 to 2 hours) were limited by the very low water- 
yielding capability of the rocks. In many wells the available head was 
too low to warrant test pumping. Data were analyzed according to the 
methods of Boulton (1963), Theis et al, (1963), and computer simulation 
(Trescott et al, 1976) by modeling the pumping well as the central 
node of a two-dimensional grid. Slug tests were made at some of 
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Table 73. Data Pertaining to Observation Wells 


Approximate 
depth to water, 
in feet (July 
1976 except as 
indicated 


Total Casing 
depth, depth, 
in feet in feet 


Land surface 
elevation, 
in feet above 
mean sea level 


Watershed 


C06 W1-1 1051.46 132 22 84 
W2-2 1051.59 245 140 186 
W3-1 945.54 29 20 20 
W4-2 914.28 100 100 (slotted) S0(Oct 1976) 
WS-1 1019.18 109 24 100 
W6-1 952.70 41 21 36 
W7-2 952.42 140 50 93 
W8-3 953.69 200 147 193 
W9-2 877.82 60 19 25 
w10-3 820.47 62 19 12 
M09 W1-1 1097.83 90 19 62 
W2-2 1097.97 181 95 91 
W3-1 1039.93 31 12 1S 
W4-3 1020.$7 260 102 234 
WS-2 973.03 49 17 21 
16-1 1123.07 130 20 50. 
W7-2 1122.90 213 134 186 
W8-1 1053.59 SS 21 48 
w9-2 1053.69 140 58 67 
W10-3 941.51 190 190(slotted) 36(Oct 1976) 
W11-2 1020.65 100 20 14 
Dug 1001.97 20 -- 11 
Jil W1-1 1259.50 62 18 S4 
W2-2 1259.41 211 6S 85 
W3-1 1235.20 38 19 35 
W4-1 12518 37 60 19 $3 
W5-3 125 ¥.74 280 218 Dry 
W6-1 1238.36 46 18 39 
W7-2 1237.25 192 S4 6S 
W8-2 1156.67 10S 20 36 
w9-3 1154.60 198 120 Dry 
JO8 W2-2 —= 220 138 132 
w4-3 -- 360 232 273 
WS-1 -- 125 20 S9 
A06 W1-1 1207.84 90 19 84 
W2-2 1207.29 169 99 157 
W3-1 1206.26 75 18 67 
W4-2 1206.07 170 * 170(slotted) 93(Nov 1976) 
WS-1 1136.82 10 9 Dry 
W6-2 1136.32 98 19 27 
W7-1 1138.28 12 10 5 
W8-2 1138.64 101 19 30 
W9-3 1138.35 183 *183(slotted) 111(Nov 1976) 
wW10-3 1011.87 66 17 11 
W11-2 1092.35 S6 18 16 
W1S7** 1115.45 14 — 9 


* Casing diameter is 4 inches; casing diameter in other 
wells Uise6 inchese 


a Dug well. 


= Oly 


the wells by injecting 8 to 10 gallons of water and measuring the rate of 
decline of the water level. Slug-test data were analyzed by the method 
of Cooper et al, (1967). 


B. Results and Discussion 


Ground water is stored and transmitted within open spaces in the 
rock. The openings are primary (intergranular pore space) or secondary 
(fractures and bedding-plane openings). Within the top 250 feet in each 
watershed, poorly permeable clay or shale beds that underlaid the coal 
seams were sufficiently continuous to form bases for two major perched 
saturated zones. The occurrence of these zones is illustrated for C06 
(Figure 63) as an example. The major saturated zones are referred to 
herein as "aquifers'' for convenience, even though they yielded only 
small quantities of water to wells (typically less than 1 gallon per 
minute). 


The ground-water systems of the study watersheds were similar 
(Figure 63). The top aquifer at each site received recharge from preci- 
pitation. Surface discharge occurred along the edge of the aquifer 
(outcrop of the top coal) as spring flow or evapotranspiration. Subsur- 
face discharge was by leakage through the underclay that formed the base 
of the aquifer and, in places, as underflow across watershed boundaries. 


The middle aquifer was recharged by leakage through the overlying 
clay confining bed and by precipitation where the clay bed was absent. 
Top-aquifer spring flow probably provided recharge also. Lateral move- 
ment in the middle aquifer was generally toward the stream draining the 
watershed. Discharge from the middle aquifer occurred as base flow, 
evapotranspiration near the stream, leakage downward through the under- 
clay, and in some places as underflow. Deeper ground water was part 
of the regional flow system. 


Aquifer-test results are given in (Table 74). Although aquifer 
heterogeneity caused some variation in results from different wells in 
the same aquifer, results depended also on the method of analysis. The 
short pumping tests were hard to analyze by the type-curve method, and 
results of the slug tests are questionable when that method is applied 
to unconfined aquifers. Hydraulic conductivity values’ determined by 
computer simulation were in agreement with those from the type-curve 
analyses. Values of specific yield calculated from type-curve analyses 
(Table 74) seem high for this type of aquifer; computer simulation 
produces more realistic values. 


Analyses of pumping tests did not take into account storage changes 
in the well. Re-analyses of wells W5-2 at MO9 and W8-2 at AO6 suggested 
that, when this factor is considered, determined hydraulic conductivity 
values were in the same order of magnitude as those shown in Table 74. 


The potentiometric surface in each aquifer fluctuated naturally in 
response to changing rates of aquifer recharge and discharge. Water 
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Table 74. Results of Aquifer Tests (Unmined Conditions) 


Hydraulic conductivity (x 1077 ft/s) 
Pumping test 

(based on 
specific 


Specific 


Computer 
Simulation 


Watershed Pumping test | Pumping test 


{type curve) (computer 


Simulation) 

MO9 W1-1 -- ae a; 110 sigs a5, 
W3-1 -- -- =m 220 tas ae 
W5-2 5.1 1.0 140 = 0.25 0.12 
W10-3 =~ -- -- 3.6 -- -- 
W11-2 -- -- -- 652 -- -- 

A06 W1-1 1 Roce 1.0 10 these: .28 ay 
W4-2 .81 -- 52.5 = . 26 -- 
W6~-2 -- -- -- 32. OE l=- -- 
W8-2 96 .80 5a * at ke 
W10-3 oe Se2 5 0.81 i oo 


W11-2 5, 0 -- 38 14 47 -- 


levels in the top two aquifers fluctuated annually over several feet. 
Daily fluctuations were on the order of a few tenths of a foot. 

Recharge resulted from previous rainfall or snowmelt events with water 
taking some time to percolate through the unsaturated zone, depending on 
the zone's thickness and hydraulic conductivity. Discharge variations 
resulted from head changes caused by recharge and by diurnal and seasonal 
evapotranspiration variations. Water levels in deep aquifers (below the 
top two) typically fluctuated slowly over an annual range usually of less 
than 2 feet. 


Water-level declines in some wells at CO6 and MO9 during the last 
few months of 1976 were probably in response to strip mining of adjacent 
watersheds. 


Ground-water recharge was estimated from hydrographs (example in 
Figure 64) of observation wells in the top aquifers and parts of the 
middle aquifers not overlain by the top underclay. This method involves 
an assumption that most recharge occurs during water level rises. Re- 
sults for part of 1976 and 1977 (Table 75) showed a wide range. Preci- 
pitation differences were not great enough to account for the wide 
range; it may have been due to areal variation of specific yield (a 
uniform value of 0.12 for specific yield was assumed in the calculations). 


Ground-water systems of individual study sites are described below. 
1. Watershed C06 


Topography and water-table elevations within the watershed suggested 
that the ground-water divides for both the top and middle aquifers at 
C06 coincided with the surface drainage divide. The top aquifer (Figure 
65) was above the clay that underlies the Middle Kittanning No. 6 coal 
bed. The middle aquifer (Figure 66) was above the clay that underlies 
the Brookville No. 4 coal bed. Water in the deep aquifer moved north- 
ward; the top of this saturated zone was 30 to 100 feet below the middle 
aquifer. 


Data for components of the hydrologic system at CO6 are shown in 
Figure 67. The seasonal relationship between precipitation and ground- 
water levels was exemplified by the June, 1976 rises in wells W1-1 and 
W2-2 in response to May and June precipitation (the level in W2-2 
probably rose partly because of increased leakage from the top aquifer). 
Daily records for July and August illustrated poor correlation between 
individual rains and ground-water levels. Surface discharge from the top 
aquifer occurred along the coal outcrop as evapotranspiration and spring 
flow. Flow was gaged at one spring site (Figures 65 and 67), and not gaged 
at another spring of similar flow and at several smaller springs and seepage 
areas. The gaged spring flow, therefore, represented a minimum value 
of surface discharge from the top aquifer. Rates of evapotranspiration 
and other spring flows were undetermined but probably made the total 
discharge rate much greater. Surface discharge from the middle aquifer 
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Recharge = (sum of water-level rises) x (assumed specific yield) 
(456 42.7) feet x (12) 
0.90 feet of water 


Figure 64. Observation-Well Hydrograph Illustrating Method of Calculating 
Ground-Water Recharge 


Table 75. Recharge from Precipitation as Calculated from 
Observation-Well Hydrographs. 


Median value of calculated recharge, 


in feet of water 
1976* 1977 


Watershed 


C06 0.2 (6 wells) --- (mined) 
MO9 «ta (> wells) --- (mined) 
aul ./7 (5 wells) 140462. Wekls) 
J08 ole CL weld) wl (lL iwell) 
A06 -4 (5 wells) La? (5 wells) 


“Partial value based on incomplete data (February-October at C06 and 
MO9; May-December at J1l, JO8, and AOQ6). 
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Figure 65. Potentiometric Surface and Base of Top Aquifer at C06 
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Figure 66. Potentiometric Surface and Base of Middle Aquifer at C06 
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Figure 67. Graphs of Precipitation, Ground-Water Levels, Spring Flow, 
and Streamflow at CO6 for part of 1976 (Graphs of Precipitation, 
Spring Flow, and Streamflow are Based on Preliminary Data from USDA- 
Science and Education Administration) 
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consisted of evapotranspiration along the stream plus base flow to the 
stream. Gaged streamflow at the mouth of the watershed (shown in 
Figure 67) included middle-aquifer base flow and top-aquifer spring 
flow as well as overland runoff. 


2. Watershed MO9 


The ground-water divide for the top aquifer at MO9 (above the 
clay that underlies the Meigs Creek (Sewickley) No. 9 coal bed) coin- 
cided with the surface drainage divide (Figure 68). Flow in the middle 
aquifer (above the clay that underlies the Pittsburgh No. 8 coal bed) 
included west-to-east underflow across the northern part of the water- 
shed (Figure 69). Water in the middle aquifer in this area was part of 
a more extensive flow system which was away from the influence of the 
stream and was recharged and discharged mostly outside the watershed. 
The potentiometric head in the northwest part of the middle aquifer was 
above the overlying clay, at least during part of the year, so that 
confined conditions existed (Figure 69). In the deep aquifer, water 
movement was northerly; the top of this saturated zone was about /0 
feet below the middle“aquifer. 


Computer simulations of the pumping test of well W5-2 produced 
time-drawdown relationships (Figure 70) comparable to that of the 
actual test. The best computer simulation used a hydraulic conductivity 
value of 1.0 x 10-/ ft/s, whereas an analysis by the type-curve method 
indicated a value of 3.1 x 10-/ ft/s. 


Ground-water levels (representative hydrographs shown in Figure 
71) fluctuated similarly to those at C06. Surface discharge from the 
top aquifer occurred as evapotranspiration and spring flow (one gaged 
site, Figures 16 and 19, and minor seepage areas). The gaged spring 
flow was a minimum rate of surface discharge from the top aquifer 
(evapotranspiration could have made the total rate significantly 
greater). Surface discharge from the middle aquifer was by evapotrans- 
piration along the stream and base flow to the stream. Gaged stream- 
flow (shown in Figure 71) included middle-aquifer base flow and top- 
aquifer spring flow as well as overland runoff. 


3. Watershed J1l 


The top aquifer at Jll (Figure 72) was above the shaly clay that 
underlies the Waynesburg No. 11 coal bed; the middle aquifer (Figure 
73) was above the shaly clay that underlies the Meigs Creek (Sewickley) 
No. 9 coal bed. Underflow did not seem significant in either aquifer. 
The top aquifer discharged water to the surface as evapotranspiration 
and at one ungaged spring; the middle aquifer discharged water as 
evapotranspiration and base flow. The two deepest wells penetrated 
mined-out openings in the Pittsburgh No. 8 coal bed and were dry; much 
of the No. 8 coal bed had been previously removed by underground mining. 
Deeper aquifers, below the No. 8 coal bed, have not been penetrated by 
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Figure 68. Potentiometric Surface and Base of Top Aquifer at MO9 
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Figure 69. Potentiometric Surface and Base of Middle Aquifer at MO9 
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Figure 71. Graphs of Precipitation, Ground-Water Levels, Spring Flow, and Streamflow at MO9 for 


Part of 1976 (Graphs of Precipitation, Spring Flow, and Streamflow are Based on Preliminary Data 
from USDA-Science and Education Administration) 
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Figure 72. Potentiometric Surface and Base of Top Aquifer at Jll 
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Figure /3. Potentiometric Surface and Base of Middle Aquifer at Jll 
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drilling. More detailed description of the Jll ground-water system will 
be undertaken as premining data collection continues. 


4. Watershed JO8 


The top aquifer at JO8 was above the shale that underlies the 
Meigs Creek (Sewickley) No. 9 coal bed; the middle aquifer was above 
the shale that underlies the Pittsburgh No. 8 coal bed. As at Jll, 
much of the No. 8 coal bed has been removed by underground mining. 
Definition of the flow systems was not possible because only one well 
was completed in each aquifer. 


5. Watershed A06 


The top aquifer at A06 (Figure 74) was above the clay that under- 
lies the Middle Kittanning No. 6 coal bed; the middle aquifer (Figure 75) 
was above the clay that underlies the Brookville No. 4 coal bed. Surface 
discharge from the top aquifer was mainly as evapotranspiration; that 
from the middle aquifer was evapotranspiration, base flow to the stream, 
and at one gaged spring. Underflow out of the watershed to the northwest 
occurred in both aquifers, although flow was from the divide toward the 
coal outcrop at times in the top aquifer. In the deep aquifer water 
moved southward; the top of this saturated zone was about 20 feet below 
the middle aquifer. More detailed description of the AO6 ground-water 
system will be undertaken as data collection continues. 
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Figure 74. Potentiometric Surface and Base of Top Aquifer at A06 
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Figure 7/5. Potentiometric Surface and Base of Middle Aquifer at A06 
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VI. GROUND-WATER QUALITY 


A. Experimental Procedures 


Water-samples were collected on a quarterly basis from wells and 
springs for determination of chemical quality. Early methods of sample 
collection (including all of the samples from C06 and MO9) were 
inconsistent because of problems in obtaining samples from wells. Use 
of a 4-inch diameter submersible pump commonly resulted in the well being 
rapidly pumped dry and collection of a sediment-contaminated sample. 
Eight "grab'' samples were collected (dipped from the well), but these 
were not necessarily representative of water in the aquifer. In October, 
1976, a small gas-operated membrane pump was used in order to decrease 
the discharge. Use of the small pump also permitted samples to be 
obtained from the deepest wells in the study watersheds. The wells were 
pumped about 5 minutes, allowed to recover, then pumped again to collect 
the sample. Throughout the previously discussed pumping tests, specific 
conductance changed very little, suggesting that representative samples 
were being obtained. 


Temperature, specific conductance, pH, and alkalinity were deter- 
mined in the field. Samples’ were kept chilled until Jaboratory deter— 
minations of the remaining parameters were made. Part of each sample 
was filtered in the field for determination of dissolved parameters. 
Procedures used for laboratory analysis are those outlined by American 
Public Health Association et al (1975). Metal concentrations were 
determined by atomic absorption methods. 


Reference in this report to recommended limits of concentration are 
based on drinking-water standards of the U. S. Environmental Protection 
Agency (1977). 


B. Results and Discussion 


Chemical analyses of water from wells and springs for Watersheds 
C06, MO9, J11, JO8, and AO6 are summarized in Tables 76-80. Chemical 
quality of ground water varied considerably between study watersheds, 
between aquifers, and within most aquifers. Results of water analyses 
from the same well also varied with time, at least partly because of the 
inconsistent sampling techniques. This was evident particularly in the 
total (dissolved plus suspended) concentrations of heavy metal and 
organic constituents, which, because of their high absorptive capacity, 
were higher in sediment-contaminated samples. 


Despite the variations, much of the ground water could be character- 
ized as calcium bicarbonate type. Sulfate, chloride, and sodium were 
predominant in some places, especially in parts of the middle and deep 
aquifers. The chemical diversity of these deeper waters was probably a 
result of: (1) variable lithology, from which the water acquired its 
chemical characteristics; and (2) variable hydraulic conductivity, 


- 234 - 


Chemical Analyses of Ground Water from C06 Collected November 1975 - 


Table 76. 
October 1976 (Based on All Premining Data: Top Aquifer - 18 Samples 


from 4 Wells and 2 Springs; Middle Aquifer - 9 Samples from 4 Wells; 


Deep Aquifer - 5 Samples from 2 Wells). 


Ceacentration or value 


Alkalinity as CaC03 ------ ng/L 21-135 92 125-284. 222 97-351 108 
Aluminum Total ----------- ug /1 60-50000 920 20-5600 2100 50-9100 1000 
Antimony Total -------- o-- ug/L 0-2 0 0-1 0 0-5 1 
Arsenic Total -------- ee ug/L 0-43 3 0-5 1 0-23 5 
Barium Total ---------- °-- ug/L 0-1100 100 0-300 100 0-200 200 
Bicarbonate -------------- ng/L 25-164 112 152-346 a71 118-428 132 
Cadmium Total ------------ ug/L 0-62 5 1-34 7 2-14 4 
Calcium Dissolved -------- ng/L 3.1-53 26 3.2-90 38 3.0-28 25 
Carbon Dioxide ----------- ng/L 1.7-154 35 13-122 35 4.7-49 17 
Carbon Total Organic ----- ag/L 1. 3-27 4.1 0.2-8.6 3.0 0.1-45 2ns 
Carbonate ---------------- mg/L 0-0 0 0-0 0 0-0 0 
Chloride Dissolved ------- ng/L 1.0-91 2.3 1.1-9.0 3.9 1.2-70 3.8 
Chromium Total ----------- ug/L 0-110 <10 < 10-60 <10 <10-30 10 
Color -------------------- Pt/Co 1-46 3 1-8 1 1-170 3 
Copper Total ------------- ug/L 0-950 10 0-110 10 0-190 10 
Cyanidd ------------------ ng/L 0.00-0.01 0.00 0.00-0.00 0.00 0.00-1.0 0.00° 
Fluoride Dissolved ------- mg/L 0.1-1.6 0.2 0.3-0.9 0.3 0.2-1.7 0.3 
Hardness Moncarbonate ---- ng/L 0-65 32 0-72 % 0-31 16 
Hardness Total ----------- mg/L 11-170 115 14-330 190 12-130 120 
Hydrogen Sulfide ------- -- mg/L 0.0-0.3 0.0 0.0-0.2 0.0 0.0-0.2 0.0 
Iron Dissolved ----------- ug/L 10-2300 130 40-2000 930 10-630 50 
Iron Total --------------- ug/L 120- 170000 5400 1200-27000 7600 1700-32000 6600 
Lead Total --------------- ug/L 0-400 22 2-44 15 3-120 13 
Magnesium Dissolved ------ ng/L 0.8-15 0.9 1.4-26 16 1.2-15 14 
Manganese Dissolved ------ ug/L 0-930 140 20-710 270 29-110 60 
Manganese Suspended ------ ug/L 0-70000 360 0-210 120 10-500 120 
Manganese Total ---------- ug/L 0-70000 6390 40-840 270 70-540 140 
Mercury Total ------------ ug/L <0.5-<0.5 <0.5 <0.5-2.0 <0.5 <0.5-1.1 <0.5 
Wickel Total ------------- ug/L 2-550 19 1-20 13 2-100 15 
Nitrogen WH4 as W Total -- mg/L 0.00-1.3 0.04 0.00-0.53 0.31 0.00-0.43 0.01 
NO2+NO3 as W ------------- mg/L 0.02-0.73 0.07 0.01-0.39 0.04 0.05-0.10 0.07 
pH (field) --------------- 6.0-8.2 6.8 6.3-7.6 7.2 6.6-8.1 TA 
Phenols ------------------ ug/L 0-8 0 0-4 0 0-7 0 
Phosphorus fotal as P ---- ng/L 0.08-3.8 0.10 0.03-0.12 0.06 0.02-0.54 0.08 
Phosphorus Total PO4 ----- mg/L 0.06-12 0.32 0.09-0.37 0.18 0.06-1.7 0.25 
Potassium Dissolved ------ mg/L 1.0-4.9 1.6 1.7-4.8 3.3 0.4-7.4 0.9 
Residue Dissolved 

(calculated sum) ------- ng/L os aa AG == = == 
Residue Dissolved -------- tons/acre-ft -- -- = -- = -- 
Sodium adsorption ratio -- 0.1-29 0.2 0.3-14 0.8 0.1-31 0.1 
Selenium Total ----------- ug/L 0-6 0 0-0 0 0-29 On 
Silica Dissolved --------- mg/L os = == == == == 
Silver Total ------------- ug/L 0-1 0 0-2 0 0-3 0 
Sodium Dissolved --------- ng/L 1.0-220 6.4 7.7-120 21 3.3-250 3.8 
Sodium (percent) --------- % 3-97 11 11-94 21 5-97 6 
Specific Conductance 

(field) ---------------- umhos/cm 120-520 288 280-905 600 258-1110 278 
Strontium Total ---------- ug/L 30-240 90 100-920 280 50-140 70 
Sulfate Dissolved -------- mg/L 11-80 36 2.9-160 48 8.2-80 20 
Water Temperature (°C) --- S¢ 7.0-18 13 11.0-14.0 12.5 12.0-17.0 12.5 
Zinc Total --------------- ug/L 10-800 90 20-1500 220 20-310 90 
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Chemical Analyses of Ground Water from M09 Collected April - 
November 1976. (Based on All Premining Data: Top Aquifer - 12 


Table 77. 


Samples from 4 Wells and 1 Spring; Middle Aquifer - 14 Samples 
from 6 Wells; Deep Aquifer - 3 Samples from 2 Wells). 


Ceacentratioqn or value 


Alkalinity as CaC03 ------ ng/L 167-373 222-559 432 
Aluainua Total ----------- ug/l 10-8300 2000 50-$8000 3100 3400-60000 13000 
Antimony Total -------- e-- ug/L 0-2 0 0-3 0 0-1 0 
Arsenic Tota] -------- ese ug/L 0-64 4 0-130 9 11-45 25 
Barium Total ---------- wee ug/L 200-1800 200 100- 12000 300 100-3000 200 
Bicarbonate -------------- ag/L 204-455 399 94-608 455 246-602 444 
Cadmium Total ------------ ug/L 1-20 6 0-13 4 5-14 11 
Calcium Dissolved -------- ng/L 58-81 70 4.1-92 40 3.2-230 4.9 
Carbon Dioxide ----------- ng/L 6.2-119 18 0.1-66 8.2 0.7-1.4 1.3 
Carbon Total Organic ----- ng/L 0.5-40 2.4 0.5-6.5 3.2 5.6-30 1222 
Carbonate cesceecacase-os= ng/L 0-0 fy) 0-94 0 12-41 39 
Chloride Dissolved ------- ng/L 1.5-5.6 3.0 1. 3-4100 8.4 530-9900 590 
Chromium Tetal ----------- ug/L < 10-130 <10 <10-160 10 10-150 50 
Color eececoese ener ert eez2eneooce Pt/Co 1-3 2 1-40 2 2-370 160 
Copper Total ---------- <a ug/L 0-30 10 10-60 10 10-50 20 
Cyanide ------------------ ng/L 0.00-0.00 0.00 0.00-2.0 0.00 0.01-2.0 1.0 
Fluoride Dissolved ------- ng/L 0.2-0.3 0.2 0.2-2.9 1.3 3.6-5.5 3.6 
Hardness Moncarbonate ---- ag/L 0-72 14 0-46 0 0-600 0 
Hardness Total ----------- ug/L 210-450 31S 18-350 100 12-820 17 
Hydrogen Sulfide --------- ng/L 0.0-5.8 0.0 0.0-0.3 0.0 0.0-0.0 0.0 
Iron Dissolved ----------- ug/L 0-170 40 10-470 40 40-90 60 
Tronifotal. ©1e2ess<45e—-5-— ug/L 90- 160000 4200 120- 140000 5400 7100-89000 19000 
Lead Total --------------- ug/L 0-300 18 2-160 17 27-280 41 
Magnesium Dissolved ------ ng/L 15-59 33 1.4-39 8.6 0.9-59 1.1 
Manganese Dissolved ------ ug/L 0-290 20 0-240 20 10-80 10 
Manganese Suspended ------ ug/L 0- 1400 110 0-1700 40 40-1100 160 
Manganese Total ---------- ug/L 20-1400 140 20-1700 100 50-1200 170 
Mercury Total ------------ ug/L <0.5-<0.5 <0.5 <0.5-0.9 <0.5 <0.5-0.9 <0.5 
Mickel Total -------- eee ug/L 1-240 10 2-340 12 13-350 53 
Witrogen MH4 as N Total -- ng/L 0.00-0.04 0.01 0.00-1.2 0.20 0.14-3.6 0.38 
NO2+NO3 as NW ------------- ng/L 0.01-0.63 0.12 0.00-0. 36 0.03 0.03-0.48 0.03 
pu (field) --------------- 6.5-7.8 7.6 7.0-9.7 7.8 8.8-8.9 8.8 
Prenoleisosneseeesanesans ug/L 0-120 2 0-68 4 0-5 0 
Phosphorus fotal as P ---- ng/L 0.02-0.59 0.06 0.03-0.93 0.04 0.11-15 0.38 
Phosphorus Total PO4 ----- ng/L 0.06-1.8 0.20 0.09-2.9 0.14 0.34-46 1.2 
Potassium Dissolved ------ ng/L 0.5-2.7 1.6 0.8-10 1.6 1.5-24 1.8 
Residue Dissolved 

(calculated sum) ------- mg/L 267-402 367 329-1700 431 1400-1400 1400 
Residue Dissolved -------- tons/acre-ft -- -- -- -- 46-46 46 
Sodium adsorption ratio -- 0.1-0.7 0.2 0.2-92 9.9 49-71 66 
Selenium Total ----------- ug/L 0-23 2 0-4 2 0-78 8 
Silica Dissolved --------- mg/L 9.8-19 11 6.8-17 13 2.9-2.9. 2.9 
Silver Total ----------- -- ug/L 0-0 0 0-1 0 0-0 0 
Sodium Dissolved --------- mg/L 4.0-28 5.4 9.3-2900 120 560-3200 620 
Sodium (percent) --------- % 2-16 5 6-97 88 89-99 99 
Specific Conductance 

(field) ---------------- umhos/cm 430-890 545 $60-12400 796 1750-26800 2700 
Strontium Total ---------- ug/L 250-2600 720 330-7600 690 190-25000 360 
Sulfate Dissolved -------- mg/L 30-122 40 9.0-94 36 31-180 3% 
Water Temperature (°C) --- °C 10.5-16.0 13.5 12.0-14.5 13.0 11.5-15.0 13.0 
Zinc Total --------------- ug/L 10-160 80 20-310 70 20-80 30 
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Table 78. 


Chemical Analyses of Ground Water from J1l Collected 
August 1976 - February 1978. 


(Top Aquifer - 17 


Samples from 4 Wells; Middle Aquifer - 15 Samples 
from 3 Wells) 


Parameter 


Alkalinity as CaC03 ------ 
Aluminum Total ----------- 
Antimony Total -------- ose 
Arsenic Total -------- eecu 


Barium Total ------------- 
Bicarbonate -------------- 


Cadmium Total ------------ 
Calcium Dissolved -------- 
Carbon Dioxide ----------- 
Carbon Total Organic ----- 
Carbonate -------------- oe 


Chloride Dissolved ------- 
Chromium Total ----------- 
Color -------------------- 


Cyanide ------------------ 
Fluoride Dissolved ------- 


Hardness Noncarbonate ---- 
Hardness Total ----------- 
Hydrogen Sulfide --------- 


Iron Dissolved ----------- 
Iron Total --------------- 


Lead Total --------------- 


Magnesium Dissolved ------ 
Manganese Dissolved ------ 
Manganese Suspended ------ 
Manganese Total ---------- 
Mercury Total ------------ 


Nickel Total ------------- 
Nitrogen NH4 as N Total -- 
NO2+NO3 as N e------------ 


pH (field) --------------- 
Phenols ------------------ 
Phosphorus Total as P ---- 
Phosphorus Total PO4 ----- 
Potassium Dissolved ------ 


Residue Dissolved 
(calculated sum) ------- 
Residue Dissolved -------- 


Sodium adsorption ratio -- 
Selenium Total ----------- 
Silica Dissolved --------- 
Silver Total ------------- 
Sodium Dissolved --------- 


Sodium (percent) --------- 
Specific Conductance 
(field) ---------------- 
Strontium Total ---------- 
Sulfate Dissolved -------- 


Water Temperature (°C) --- 


Zinc Total --------------- 


Unit 


mg/L 
ug/l 
ug/L 
ug/L 


ug/L 
mg/L 


ug/L 
mg/L 
mg/L 
mg/L 
mg/L 


mg/L 
ug/L 
Pt/Co 
ug/L 
mg/L 


mg/L 


mg/L 
mg/L 
mg/L 


ug/L 
ug/L 


ug/L 


mg/L 
ug/L 
ug/L 
ug/L 
ug/L 


ug/L 
mg/L 
mg/L 


ug/L 
mg/L 
mg/L 
mg/L 


mg/L 


tons/acre-ft 


ug/L 
mg/L 
ug/L 
mg/L 


% 


umhos/cm 
ug/L 
mg/L 


°C 


23-346 
10-1200 
0-1 
0-3 


0-300 
28-422 


0-33 
48-120 
2.7-56 
2.1-9.2 
0-0 


9.5-S5 
<10-10 
0-5 

0-50 
0.00-2.0 


0.1-0.2 


55-210 
170-430 
0.0-0.3 


0-170 
30-11000 


2-100 


9.3-31 
0-720 
0-450 
20-780 
0.0-<0.5 


252-416 
0.35-0.57 


0.1-0.4 
0-3 
10-19 
0-3 
5.6-13 


3-12 
405-830 
200-420 
24-190 


3.0-14.0 


30-150 


PT Boe 


ifer 


Concentration or value 


Top aqu 


254-386 
30-1100 
0-1 
0-15 


0-20 
0.00-0.00 


0.1-2.0 


0-55 
61-390 
0.0-0.2 


0-80 
20-210000 


340-499 
0.46-0.68 


0.7-9.4 
0-1 
10-18 
0-0 
27-170 


13-85 
570-817 
300-1800 
22-85 


9.0-13.5 


30-170 


Table 79. 


February 1978. 


Chemical Analyses of Ground Water from JO8 Collected March 1977 - 
(Top Aquifer - 3 Samples from 1 Well; Middle 


Aquifer - 3 Samples from 1 Well; Deep Aquifer - 2 Samples from 1 Well). 


Parameter 


Alkalinity aga CaCO3 ------ 
Aluminum Total -~--------- 
Antimony Total ----------- 
Arsenic Total ------------ 


Barium Total ------------- 
Bicarbonate -------------- 


Cadmium Total ------------ 
Calcium Dissolved -------- 
Carbon Dioxide ----------- 
Carbon Total Organic ----- 
Carbonate ---------------- 


Chloride Dissolved ------- 
Chromium Total ----------- 
Color -------------------- 


Cyanide ------------------ 
Fluoride Diesolved ------- 


Hardness Noncarbonate ---- 
Hardness Total ----------- 
Hydrogen Sulfide --------- 


Iron Total --------------- 
Lead Total --------------- 


Magnesium Dissolved ------ 
Manganese Dissolved ------ 
Manganese Suspended --~--- 
Manganese Total ---------- 
Mercury Total ------------ 


Nickel Total ------------- 
Nitrogen NH4 as N Total -- 
NO2+NO3 as HN ------------- 


pH (field) --------------- 
Phenols ------------------ 
Phosphorus Total as P ---- 
Phosphorus Total PO4 ----- 
Potassium Dissolved ------ 


Residue Dissolved 
(calculated sum) ------- 
Residue Dissolved -------- 


Sodium adsorption ratio -- 
Selenium Total ----------- 
Silica Dissolved --------- 
Silver Total ------------- 
Sodium Dissolved --------- 


Sodium (percent) --------- 
Specific Conductance 
(field) ---------------- 
Strontium Total ---------- 
Sulfate Dissolved -------- 


Water Temperature (°C) --- 


Tincutoteli--------=----—— 


mg/L 


237-246 
650-1500 
0-0 

0-3 


0-200 
289-300 


0-0 
120-140 
12-18 
6.3-8.1 
0-0 


2.9-3.9 
<10-20 
0-0 

3-6 
0.00-0.00 


0.1-0.2 
240-310 
490-550 
0.0-0.2 


10-20 
1300-2500 


3-4 
0.01-0.4 
0.14-0.28 
7.4-7.6 
0-12 
0.03-0.11 


0.09-0.34 
2.7-2.8 


590-658 
0.80-0.89 


0.2-0.2 
0-2 
9.9-11 
0-0 
9.0-10 
3-4 
840-952 
1700-2300 
250-300 


11.$-13.5 


40-70 


oOwW 
Nn oO 
nw 


Nooon 
(=) 
an 


804-845 
790-1300 
0-0 
2-3 


100-200 
980-1030 


230-320 
< 10-20 
0-0 

17-18 
0.00-0.00 


3.9-4.8 


0-0 
26-79 
0.0-0.4 


10-40 
1600-8800 


60-76 


2.5-S.9 
0-20 
30-100 
40-100 
0.0-0.0 


7-19 
0.02-0.35 
0.26-0.38 


8.1 


05-0731 
OS eIGe) 


wWwooon 


GS 
3 

01-0.10 
ce 

3- 


1360-1510 
1.88-2.05 


27-44 
0-0 
5.0-6.3 
0-0 
$40-600 


93-97 
2300-2400 
480-700 
65-170 
14.0-15.5 


30-60 


Concentration or value 


Middle aquifer 


Top aquife 


‘Deep aquifer 


589-627 
220-240 
0-0 
2-2 


4000-6000 
718-764 


0-3 
58-64 
31-36 
$.2-8.4 
0-0 


$600-5600 
< 20-20 
0-20 
20-21 
Q.00-0.01 


0.3-0.3 


$0-120 
7400-7500 


30-260 


33-35 
40-60 
50-70 
99-130 
0.0-0.2 


4-8 
25292 
0.00-0.01 


9900-9910 
13.5-13.5 


95-99 

0-0 
6.9-7.2 
0-0 
3800-3800 


96-97 


15000-15100 
9200-10000 


13-33 
134051S.S 


160-220 


190 


Table 80. 


Chemical Analyses of Ground Water from AO6 Collected November 
1975 - February 1978. (Top Aquifer - 9 Samples from 3 Wells; 
Middle Aquifer - 34 Samples from 6 Wells and 1 Spring; Deep 

Aquifer - 10 Samples from 2 Wells). 


Concentration or value 


Perasotex Unit Middle squifer Deep aquifer 


Alkalinity as CaC03 ------ mg/L 31-533 325-931 569 
Aluminum Total ----------- ug/l 40-13000 800 0-1900 100 0-740 100 
Antimony Total ----------- ug/L 0-1 0 0-1 0 0-1 ct) 
Arsenic Total -------~---- ug/L 0-13 4 0-300 1 0-2 1 
Barium Total ------------- ug/L 0-200 100 0-500 100 0-300 100 
Bicarbonate -------------- ng/L 89-240 196 38-650 204 396-808 556 
Cadmium Total ------------ ug/L 0-32 0 0-33 0 0-2 0 
Calcium Dissolved -------- mg/L 22-61 54 33-110 52 1.1-130 48 
Carbon Dioxide ----------- ng/L 6.3-5S7 21 12-221 36 0.9-42 7.6 
Carbon Total Organic ----- ug/L 4.2-9.8 8.7 0.2-13 5.4 1.2-12 6.4 
Carbonate -~-------------- mg/L 0-0 0 0-0 0 0-161 62 
Chloride Dissolved ------- mg/L 3.2-4.8 3.9 1.4-23 2.0 3.9-67 30 
Chromium Total ----------- ug/L < 10-20 10 < 10-20 <10 < 10-40 10 
Color ------~-------------- Pt/Co 0-10 5 0-10 4 2-22 8 
Copper Total ------------- ug/L 0-16 7 0-50 6 0-12 5 
Cyanide ------------------ pg/L 0.00-2.0 0.00 0.00-0.01 0.00 0.00-1.0 0.00 
Fluoride Dissolved ------- ng/L 0.1-0.3 0.2 0.2-0.5 0.3 0.2-5.0 Urs 
Hardness Noncarbonate ---- mg/L 0-57 38 0-170 34 0-260 30 
Hardness Total ----------- mg/L 87-230 200 83-360 210 3-580 210 
Hydrogen Sulfide --------- mg/L 0.0-0.3 0.0 0.0-2.0 0.2 0.0-2.0 0.2 
Iron Dissolved ----------- ug/L 10- 36000 30 0-26000 1000 10-5700 980 
Iron Total --------------- ug/L 20-42000 5800 20- 26000 7000 3900-15000 6000 
Lead Total --------------- ug/L 0-16 8 0-62 5 0-12 8 
Magnesium Dissolved ------ ng/L 7.7-19 17 10-35 19 0.1-62 22 
Manganese Dissolved ------ ug/L 20-850 240 0-1400 240 10-120 60 
Manganese Suspended ------ ug/L 0-2100 170 0-340 20 10-S0 20 
Manganese Total ---------- ug/L 130-2400 530 10-1400 300 20-150 90 
Mercury Total ------------ ug/L 0.0-1.1 0.0 0.0-3.7 <0.5 0.0-2.1 < 06.5 
Nickel Total ------------- ug/L 6-19 11 0-190 7 1-8 6 
Nitrogen NH4 as N Total -- ng/L 0.01-0.17 0.05 0.00-3.3 0.18 0.48-3.7 1.8 
NO2+NO3 as N ------------- ng/L 0.01-4.5 0.06 0.00-21 0.01 0.00-0.01 0.00 
pH (field) ------------- - 6.4-7.7 Yar §.7-7.5 7.0 7.2-9.3 8.3 
Phenols ------------------ ug/L 0-26 8 0-140 1 0-110 4 
Phosphorus Total as P ---- ng/L 0.02-0.12 0.07 0.01-0.53 0.05 0.01-0.13 0.02 
Phosphorus Total POX ----- ug/L 0.06-0.37 0.21 0.03-1.6 0.15 0.03-0.40 0.08 
Potassium Dissolved ------ ng/L Lia Sho 220 2.3-12 3.6 2.4-18 8.4 
Residue Dissolved 

(calculated sum) ------- ng/L 198-272 254 180-1170 351 984-1460 1180 
Residue Dissolved -------- tons/acre-ft 0.27-0.37 0.35 0.24-1.59 0.48 1.34-1.99 1.60 
Sodium adsorption ratio -- 0.2-0.3 0.2 0.1-7.5 On) 4.0-98 39 
Selenium Total ----------- ug/L 0-1 0 0-8 0 0-1 0 
Silica Dissolved --------- ug/L S5.6-17 16 5.3-17 9.6 1.9-11 Sez 
Silver Total ------------- ug/L 0-0 0 0-1 0 0-90 0 
Sodium Dissoived --------- mg/L 4.7-10 Sa 4.1-300 24 210-440 350 
Sodium (percent) --------- % 7-13 8 5-67 22 45-99 80 
Specific Conductance 

(field) ---------------- unhos/cm 263-460 410 365-1800 535 1170-1970 1750 
Strontium Total ---------- ug/L 100-230 170 140-2500 330 50-3600 1200 
Sulfate Dissolved -------- mg/L 46-60 53 58-520 130 4.8-830 380 
Water Temperature (°C) --- ins 0 7.5-16.0 13.0 5.0-16 12.0 9,0-14.5 12.0 
Zinc Total --------------- ug/L 30-100 50 0-350 50 4-160 40 
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controlling the length of contact time with the rocks. Chemical processes, 
such as ion filtration (Wood, 1976), or ion exchange may also have been 
significant controls on water quality. 


Dissolved-solids concentration (designated as "residue dissolved" 
in Tables 76-80) in most samples were in the 200-600 mg/L range with 
maximum values about 1400 mg/L. Water in the middle and deep aquifers 
was the most highly mineralized, reflecting longer contact time with the 
rocks. The pH was normally 6.5-8.0 and also tended to be higher with depth. 
Hardness was generally 150-300 mg/L (hard to very hard water). Total 
concentrations of some minor constituents were affected by sediment in 
the sample, as discussed above; relatively low values, obtained from 
relatively sediment-free samples, were more representative of dissolved 
concentrations. In all samples, even the total concentrations of some 
constituents were below the recommended limits for dissolved concen- 
trations. These constituents, and their recommended limits, are: 
copper (1 me/L), zine (5 me/L)4%and silver. (0.05¢mze/1L)= 


Dissolved-solids concentration showed a linear relationship to 
specific conductance (Figure 76). From specific conductance, therefore; 
an estimated value for dissolved-solids concentration was obtainable 
where it was not determined as part of the analysis (for example, anal- 
yses of samples collected before November 1976, including all of those 
from CO6 and most from MO9). Ground water of much higher salinity than 
shown on Figure 76 was collected from some wells at MO9 and JO8 and is 
described later. 


Descriptions of ground-water quality of individual study watersheds 
are given below. 


1. Watershed C06 


Water in the top aquifer was mostly of the calcium bicarbonate 
type; a plot of major ions for a sample from well W1-1 (Figure 77) pro- 
vides an example. In some samples of water from the top aquifer, magne- 
sium was a codominant cation and sulfate a codominant anion. Other 
analyses plotted in Figure 77 illustrate wide differences in water type 
in the middle and deep aquifers. As no systematic variation in water 
type was evident, local conditions (lithology and hydraulic conductivity) 
probably exerted significant controls on water quality. 


Results of chemical analyses of ground-water samples from C06 are 
summarized in Table 76. Specific-conductance values indicate that 
dissolved-solids concentration in parts of the middle and deep aquifers 
(wells W9-2 and W8-3) exceeded the recommended limit of 500 mg/L. Con- 
centrations of dissolved iron and manganese commonly exceeded recommend- 
ed limits of 0.3 and 0.05 mg/L, respectively. Concentration of dissolved 
cyanide exceeded the recommended limit (0.01 mg/L) in one sample from 
W8-3. 
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Figure 76. 
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2. Watershed MO9 


Water in the top aquifer was mostly of the calcium magnesium 
bicarbonate type; analysis of a sample from well W8-1 (Figure 78) was 
typical. Chemical composition of water in the middle aquifer showed a 
relationship to the flow system (Figure 79). In the upgradient area 
(W2-2), water type was similar to that in the top aquifer. Farther 
south toward the stream, sodium became the dominant cation (W5-2). 

The eastern part of the middle aquifer (W/-2) and the deep aquifer 
contained sodium chloride water. 


The high mineralization of some of the ground water at MO9 makes 
appropriate, for descriptive purposes, a reference to the following 
water-classification scheme given by Davis and DeWiest (1966): 


Concentrations of 
total dissolved 
solids, in 


Name milligrams per liter 
Fresh water 0-1000 
Brackish water 1000-10, 000 
Salty water 10,000-100, 000 
Brine more than 100,000 


Most of the sodium chloride water discussed above was brackish 
according to the above classification. The sample from well W4-3 was 
salty water. Ground-water quality in the deeper aquifers may have been 
affected by deep seated brines similar to those common in oil and gas 
fields. 


Results of chemical analyses are summarized in Table 77. Dissolved 
solids concentration of much of the water in the middle and deep aquifers 
exceeded the recommended 500 mg/L limit. Chloride concentration was 
excessive (greater than 250 mg/L) in the eastern part of the middle 
aquifer and in the deep aquifer. Water in the top aquifer was very hard 
(greater than 180 mg/L hardness as CaC03). It was softer in parts of 
the deeper aquifers where sodium was the dominant cation. Dissolved 
iron exceeded the recommended limit (0.3 mg/L) in one sample (W11-2), 
and dissolved manganese was excessive (greater than 0.05 mg/L) in several 
samples. The recommended limit for cyanide concentration (0.01 mg/L) was 
exceeded in two samples from the middle aquifer and two from the deep 
aquifer. 
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Figure 78. Concentrations of Major Ions in Ground-Water 
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EXPLANATION 


Water - table contour (July 1976) 
Contour intervol 25 feet. Datum 
is NGVD 
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Figure 79. Movement, Water Type, and Dissolved-Solids Concentration 
of Ground Water in the Middle Aquifer at MO9 
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3. Watershed J1l 


The top aquifer at J1ll contained water of the calcium bicarbonate 
and calcium sulfate types; an analyses from well W6-1 (Figure 80) was 
typical. All samples collected from the middle aquifer were bicarbonate 
waters, and sodium and calcium were the dominant cations; analyses from 
W/7-2 and W8-2 (Figure 80) are examples. Figure 80 shows that the 
predominance of one major ion over another was not as extreme at Jll as 
at other study watersheds. 


Results of chemical analyses are summarized in Table 78. Dissolved- 
solids concentration was below the recommended limit of 500 mg/L in all 
samples. Nearly all water in the top aquifer was very hard (greater than 
180 mg/L hardness as CaCO3) ; some of the water in the middle aquifer 
was softer. Although dissolved iron was not excessive, dissolved manga- 
nese concentration exceeded 0.05 mg/L in some parts of the top aquifer. 
Excessive cyanide concentrations (greater than 0.01 mg/L) have been 
detected in some samples from all wells in the top aquifer. 


Premining ground-water quality data from J1ll, having been collected 
over a longer period than at CO6 and MO9, illustrated the nature of 
temporal water-quality variations. Two analyses from well W8-2 at 
different times (Figure 80) showed that dominant ions may change through 
time. Notable changes in concentrations of other selected parameters 
have been determined also (examples for both aquifers shown in Figure 
81). Although the questionable representivity of some samples, men- 
tioned previously, may partly explain the variations, the transient 
character of the hydrologic system was also a factor. For example, 
changing rate of recharge or leakage at a given place could effect a 
change in ground water quality if the water being added to the aquifer 
were chemically different from the aquifer water. 


4. Watershed J08 


Analyses of ground water from JO8 indicated calcium sulfate water 
in the top aquifer, sodium bicarbonate water in the middle aquifer, and 
sodium chloride water in the deep aquifer (Figure 82). 


Results of chemical analyses are summarized in Table 79. Water in 
the top aquifer was very hard, had dissolved-solids concentration ex- 
ceeding the recommended limit of 500 mg/L, and sulfate concentration 
exceeding the recommended limit of 250 mg/L. Water in the middle aquifer 
was much softer, but slightly brackish and contained chloride concen- 
trations exceeding the recommended limit of 250 mg/L. Water in the deep 
aquifer was brackish. 


5. Watershed AOQ6 


Water in the top aquifer of the control watershed was of the 
calcium bicarbonate type. As in the other watersheds, water types in 
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deeper aquifers were more diverse. In the middle aquifer, calcium or 
sodium and sulfate or bicarbonate may each have predominated. The 
deep aquifer contained sodium bicarbonate and sodium sulfate waters. 


Results of chemical analyses are summarized in Table 80. Dissolved- 
solids concentration exceeded 500 mg/L in samples from the middle 
aquifer (W4-2, W2,2), and in samples from both wells in the deep aquifer. 
Slightly brackish water was collected from wells W2-2, W9-3, and W10-3. 
Sulfate concentration exceeded 250 mg/L in water from wells W4-2, W2-2, 
and W10-3. Most water was hard to very hard, except from well W9-3, 
which yielded very soft water. Recommended limits of concentration for 
dissolved iron and manganese (0.3 and 0.05 mg/L, respectively) were 
commonly exceeded in all aquifers. Cyanide concentration exceeded 
0.01 mg/L in one sample from W3-1 and one from W9-3. 
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VII. EROSION AND SEDIMENTATION 


A. Watershed Sediment Yield 


Some sediment yield data were obtained from Watersheds C06, MO9, 
J11, and AO6 in the premining condition. Samples taken consisted of 
discrete samples throughout the hydrograph, grab samples, and composite 
storm samples. Data from the grab samples are summarized in Table 81 
and give the range of flows, the range of sediment concentration, the 
average of the samples taken, and whether they were taken on the rising 
or falling limb, or near the peak of the hydrograph. 


1. Watershed C06 


The range and average of the sediment data collected at the C06 
site were the result of nine samples taken after the watershed had 
experienced some disturbance. The disturbance resulted from a network 
of access roads in the watershed for the movement of well drilling 
equipment. This network somewhat altered the runoff and sediment yield 
characteristics of the watershed, and the sediment yield would certainly 
exceed that expected for an unaltered state. The average suspended 
sediment concentration for four samples was 870 meg/1. 


The C06 base-flow samples showed a wide range of sediment concen- 
tration which was probably due to some disturbance of the channels. 
The average base-flow suspended sediment concentration obtained from 
five samples was 247 mg/l. 


2. Watershed MO9 


The MO9 site showed a range in sediment concentration similar to 
C06; however, the maximum was associated with a flow more than three 
times as large as that at CO6. Seven samples were analyzed. The 
average suspended sediment concentration for the two runoff samples was 
1110 mg/1, while it was only 157 mg/l for the five base-flow samples. 
There was some disturbance in the watershed but not as extensive as in 
C06, because the watershed was much less forested and steep, and access 
to wells and construction sites was easier. A deep gully following the 
top of the southeast ridge of the watershed existed when the site was 
chosen. This gully, resulting from a gas well road, was reclaimed 
during the latter part of the premining period, but contributed some- 
what to the sediment measured at the weir. 


Two samples were collected at the MO9 small watershed: one base- 


flow and one runoff. The sediment concentration in both cases was 
reasonably low, 75 and 84 mg/l, for an essentially grassed watershed. 


Toa N ed 


raCoG = 


Table 81. Summary of Sediment Data for Unmined Conditions (Grab Samples). 


ss? Ta Qt (efs) SS (mg/1) Q (cfs) 


Distribution of Samples 
In Hydrograph (Number) + 


C06 R P ol B 
Outlet RO 1640 P50 97 +542 870 1 B) 
BF 978 228 0 001 247 5 
MO9 
Outlet RO 1980 5.295 241 ~1495 1110 i ul 
BF 415 S524 0 .0045 SF 5 
Small RO 84 193 84 193 84 1 
BF ihe EOO2 Tes E0022 15 a 
Alle 
Outlet RO 195 Se be. 25 -0089 118 i i 2 
BF Vidi a9 i 2 | 13 . 108 44 3 
Small RO 2590 “0522 8 .0984 734 iL i 2 
BF 18 0121 18 -O121 18 I 
AO6 
Outlet RO 260 L.92 25 -428 144 2 4 
BF 134 .0065 0 .0065 45 3 
Small (No Samples Obtained) 


- SS - Suspended solids 


ie Q - Flow rate associated with the SS value 
kk ; 
- Average of sediment samples 
BF - Base-flow sample 
RO - Runoff sample 


R - Rising limb of hydrograph 
- F - Falling limb of hydrograph 
P - Peak of hydrograph 
B. -.Base flow 


The major sediment sources in the watershed, except for channels, were 
a dirt road at the top of the watershed and a bare area where a small 
access road left this dirt road to enter the watershed. These areas 
were considered minimal sources. 


3. Watershed J1l 


The J1l outlet site showed, on the basis of four samples, a much 
smaller range of sediment concentration than the C06 or MO9 sites 
with the maximum being 195 mg/l. The discharge associated with the 
maximum was similar to that at C06 which produced 1640 mg/l. The J1l 
site was relatively undisturbed with a good grass and forest cover. 
Sources of sediment were a secondary county road along one quarter 
of the watershed boundary, an access road across the upper section and 
a portion of a small corn field at the top of the watershed. The 
average sediment concentration for the four sampled events, including 
snowmelt and a thunderstorm, was 118 mg/l, as compared to an average 
of 44 mg/l for the three base-flow samples. 


The small watershed experienced a much larger range in sediment 
concentration. The maximum of 2590 mg/1 occurred during a thunderstorm 
in July, and the sediment source was probably the cornfield in the 
upper portion of the watershed. A concurrent outlet sample was not 
taken. The maximum observed sediment concentration was 324 times the 
minimum concentration. Maximum concentration was the result of a 
thunderstorm, and the minimum concentration of snowmelt. The average 
sediment concentration for the four sampled runoff events was 734 mg/1 
as compared to 18 mg/1 for the one base-flow sample. 


4. Watershed A06 


Watershed AO06, operated as a control watershed, had a heavy forest 
cover. The only major sediment sources were the gravel road at the top 
of the watershed, an old graveled access road to the weir along the 
upper reaches on the east side of the watershed, and three short side 
roads built for the access of well drilling equipment. The sediment 
concentrations were very similar to those obtained for the J1ll site; 
the average for the six runoff events was 144 mg/l, as compared to 
45 mg/l for the three base flows. 


A composite vane sampler was installed at the AO6 outlet. This 
sampler obtained one flow-weighted sample for an event. The four 
AO6 composite samples (Table 82) showed an approximate four-fold 
range in sediment concentration. 


- 253 - 


Table 82. Summary of the AO6 Composite Sediment Samples. 


Maximum Minimum 


a: Average 
SS(mg/1)” Qpk(cfs)* SS(mg/1) Qpk(cfs) 


SS (mg/1) 


Total 
Samples 


4 262 Wee 58 3.94 150 


“sone Suspended solids 
tQpk- Peak flow of the event sampled 


B. Erosion and Treatment. Plots 


The project proposal called for three sets of erosion and treatment 
plots to be installed on four different slopes and with different 
lengths on the slopes; one set on each of the disturbed overburdens 
associated with the Number 6, 9, and 11 coals. The erosion plots will 
consist of graded spoil material with a veneer of topsoil to the depth 
required by current regulations. One plot on each slope will have the 
original spoil exposed. The treatment plots (10 at each site) will 
consist of standard plots (72.6.ft.. by: 15)ft.), on a 9 percent slope, 
with treatments of differing depths of topsoil and mulching rates. 


The erosion and treatment plots have been located on appropriate 
slopes outside the boundaries of, but near, Watersheds C06, MO9, and J1l. 
Construction has been initiated on the C06 plots. 


The data from the plots will be used to develop criteria for 
diversion spacings, erodibility factors for the universal soil loss 


equation, and an erosion model for stripmine land. 


Erosion and treatment plots will be discussed more fully in the 
Phase IIL report. 


Cc. SéedimentePronds 
Sediment ponds will be instrumented to monitor both inflow and 


outflow hydrographs and sediment graphs. These will be discussed in the 
Phase II report. 
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Viglen. 


MODELING 


A. Composite Model 


1. Approach 


This section of the report describes the general modeling approach. 
Subsequent sections document with mathematics and examples, some progress 
toward the development of a composite model. The effort to date in 
development of the composite model has been directed toward watershed 
hydrology modeling without water quality components. Water quality will 
later be incorporated into the model. 


Several separate component models will be linked together to pro- 
vide a composite model for simulation of surface and subsurface watershed 
hydrology. The models are as follows: 


a 


Ground-Water Model. This model will be a modification of the 
model developed by the USGS - "Documentation of Finite- 
Difference Model for Simulation of Three-Dimensional Ground- 
Water Flow,'' by Trescott and Larson (1976). It will receive 
recharge in the form of percolation from the unsaturated 

flow model (see Item 2), and will supply water table levels to 
define the lower boundary of the unsaturated zone as well 

as provide seepage effluent to the overland flow model 

(see Item 3). 


Unsaturated Flow Model. This model will account for water 
movement in the unsaturated zone between the ground surface 
and the water table. To increase computational efficiency, 
this unsaturated model will be based on the one-dimensional 
flow equation. The three-dimensional watershed will be sub- 
divided into prisms within which subsurface flows will be 
assumed to be vertical. The one-dimensional vertical flow 
solution will be obtained for each prismatic element within 
the watershed, or solutions at some of these prismatic 
elements will be obtained by interpolation from one-dimen- 
sional solutions covering the range of depths and conditions 
in existence. 


Overland Flow Model. This model will numerically solve the 


kinematic wave equations to describe the manner in which 
precipitation excess and ground-water effluent is routed 


over the surface to the watershed outlet. The tractive 


forces from the velocity of overland flow will be important 
in determining surface erosion. The overland flow model will 
be based on a computer program developed by Rovey et al 
(1977), which describes the watershed surface by a cascade 
(logical flow sequence) of overland flow planes and channels. 


= 22.3 


4, Evapotranspiration Model. The evapotranspiration model will 
account for water removal by plant transpiration and surface 
evaporation. In practice it will be very closely associated 
with the unsaturated flow model and might be considered part 
of that model rather than as a separate model. It will consist 
of equations which determine the rate of evapotranspiration 
as a function of root penetration, meteorological elements, 
species of plants, stage of plant growth, and a soil water 
parameter. 


Each of the separate component models will be based on fundamentally 
sound, physically-based formulations. Where partial differential equa- 
tions are involved the associated initial boundary value problems will 
be solved numerically, because the nonlinear nature of the equations 
prevent solution in closed form. 


The unsaturated model will receive precipitation data as input. 
Its basic functions will be to compute estimates of: 


1. The infiltration capacity of the watershed. 
2. The precipitation excess which becomes overland flow. 
3. The movement of infiltrated water through the upper zone. 


4. The time and amount of percolation into the water table, 
and thereby provide recharge to the ground-water model. 


5. The soil water content and hydraulic pressure in the unsatu- 
rated zone at all times for computing water flow and 
evapotranspiration. 


The time increment that can be used in numerically solving the dif- 
ferential equations for this unsaturated flow model will be larger, no 
doubt, than the time increment needed for the overland flow model, but 
shorter than the time increment of the ground-water model. The depth 
of each prismatic element of unsaturated flow will equal the difference 
between watershed surface elevation at that point and the ground-water 
table at that point. Thus, the heights of individual unsaturated 
prismatic elements will depend upon the solutions obtained from the 
ground-water model. In turn, the flow through the unsaturated zone 
is needed by the ground-water model for its solution. Likewise, the 
overland flow model will require data from both the unsaturated flow and 
ground-water models. As input for each new time step, this needed 
information will be passed between the separate component models. 


Many alternate approaches to modeling are available. For example, 
the ground-water and unsaturated flow zones might all be included in 
a single mathematical formulation. As part of the numerical solution 
of this problem, the position of the water table would be provided. 
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Past efforts using the entire saturated-unsaturated region include the 


following: Rubin (1968), Taylor and Luthin (1969), Jeppson (1969), 
and Freeze (1971). 


Several considerations led to the decision to use separate com- 
ponent models coupled together to form a composite model. These are 
as follows: 


1. The existing ground-water model is adapted to use field 
data from well log records, and has been successfully used 
in some preliminary analyses of study watersheds early in 
the research program. 


2. Considerably greater computational efficiencies are possible 
through the separate model approach, because time steps 
might be made compatible to the time scale of occurrence, 
and simplifications in formulation are possible that cannot 
occur in a single model. 


3. Since overland flow is governed by differential equations of 
different types, they would be separate anyway. 


To visualize how hydrology within and on a watershed will be 
simulated by numerical computer solutions, consider a typical watershed 
as depicted in Figure 83. The premined watersheds considered in this 
study had perched water tables above the clay layers underlying each 
of two coal beds. Recharge for the upper water table came from 
precipitation on the surface. The lower aquifer was recharged by 
leakage, probably by localized percolation along the outcrop of the 
upper aquifer, and by precipitation on the exposed surface between the 
two aquifers. Thus, there were two water tables and two separate 
unsaturated zones in the premined watersheds. 


Figure 83 depicts the greater detail in the upper unsaturated- 
saturated zones. The unsaturated zone is divided into prismatic ele- 
ments for numerical simulation. Unsaturated water movement in each 
such element will be considered to be one-dimensional in the vertical 
direction. Lateral movement will be restricted to the surface and 
ground-water flows. Precipitation, q;, as given by a histogram, or 
from snowmelt predictions, enters the surface of each element. Evap- 
otranspiration, denoted as E-T in Figure 83, will remove soil water as 
controlled by plant, soil water, and weather conditions. Therefore, 
each prismatic element will contain a time-dependent volume of water 
that is distributed through the length of the element according to the 
solution of the unsaturated flow equation. As this water moves down- 
ward, some will eventually move into the saturated zone. This so- 
called percolation is denoted by qgin Figure 83 and constitutes recharge 
to ground water. The amount of this recharge, along with the discharge 
capabilities of the ground-water aquifer, will dictate the level to 
which the water table will rise at the centerline of each prismatic 
element. 
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WATERSHED 


Figure 83 - Schematic of Watershed for Numerical Simulation of 
Hydrologic Response of Flow Processes 
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The mechanism for coupling the ground-water and unsaturated com- 
ponent models will be to pass the needed information back and forth after 
individual time steps have been completed and not during the individual 
solutions of a time step. Thus, it will be possible, for the unsatu- 
rated model to use a smaller time increment than the ground-water 
model. Likewise, data will be passed back and forth to the overland 
flow model at the completion of individual time increments. The time 
increment of the overland flow model might also be independent of the 
other time increments. If time increments are different, however, they 
will need to be multiples of each other. 


2. Coupling Component Models 


A major future effort will be required to develop the heart of the 
composite model, that is, the program that couples the component models 
and directs and coordinates their individual activities so that 
complete and accurate simulation of total watershed hydrology is 
achieved. This driving and coordinating program will require a minimum 
of data to define the watershed being simulated (its physical and 
hydrologic characteristics), the characteristics of the simulation 
desired, and the type or form and extent of solution results wanted. 

Le wi Pl: 


1. Define the outline of the watershed from limited, easily pro- 
vided data. 


2. Divide the watershed into appropriate prismatic elements for 
the unsaturated model. 


3. Define the height of each element from limited data easily 
obtained from a contour map and water table elevations. 


4. Direct the obtaining of unsaturated solutions for some 
prismatic elements covering the ranges of conditions required 
within the watershed, and then by proper interpolation of 
these solutions determine water movement characteristics in 
the remaining elements. 


5. Define the finite difference grid for use by the ground- 
water model, and the transmissivities at each grid element. 


6. Define recharge and discharge, constant head elements, and 
other boundary conditions for the ground-water model. 


7. Coordinate the solutions of the separate models and pass 
appropriate data between models when these data are needed 


as input. 


8. Control and direct the simulation output as requested by the 
wsSsere e 
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The programming has been completed to accomplish items 1 and 2 
above. The techniques for accomplishing these tasks are described in 
the next section. Progress has been made on Item 4, and the remaining 
three items are planned for the future. 


Som Detining Watershed Geometry 


The shape of the watershed is defined by giving x and y coordinates 
around the periphery of the watershed. The coordinates can be selected 
arbitrarily, but to accurately define the actual watershed shape, they 
should be selected at major changes in the direction of the periphery. 
These given coordinates are fitted by splines under tension. A des- 
cription of splines under tension, and how these coordinates are 
fitted, is described in the next section. 


A grid network consisting of vertical and horizontal lines is 
superimposed over the watershed map. The spacing of the lines in the 
x-direction (i.e. between vertical lines) is constant and equal to Ax. 
The spacing of the lines in the y-direction (i.e. between horizontal 
lines) is constant and equal to Ay. The positioning of both sets of 
lines (Ax and Ay as some multiple of 10) is made so that the left 
vertical and bottom horizontal lines are as close as possible to the 
minimum value of x and y, but also within the watershed or possibly on 
its boundary. The computer program determines the grid network from 
input data consisting of Ax, Ay, and the x and y coordinates given 
around the periphery of the watershed. 


In determining the grid network the intersection of each horizontal 
grid line along each of the vertical grid lines is obtained. Also, 
the intersections of the vertical grid lines are determined along 
each horizontal grid line. The intersections of the grid lines are 
thus actually determined twice, and either determination might be used 
to define all intersections within the watershed. However, the inter- 
sections of the grid lines with the boundaries of the watershed are 
determined, in general, only once. The intersections of the vertical 
grid lines with the boundaries are the first value and the last value 
in each array of y coordinates for that vertical grid line. Likewise, 
the first and last number in each array of intersections along each of 
the horizontal grid lines gives the intersections of these lines with 
the watershed boundaries. Therefore, the length of all irregular 
spaces between the grid lines and the boundaries of the watershed 
can be determined as the difference between the first and second, or 
last and second from the last values in the arrays of numbers repre- 
senting y or x coordinates along the grid lines. 


Watershed MO9, shown in Figure 84, will be used to illustrate the 
above. First, 14 points are selected around the periphery of the 
watershed. The first of these was taken at the mouth of the watershed, 
though this was not necessary. It was necessary that these points be 
ordered consecutively in a clockwise direction around the periphery. 
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Outline of Watershed MO9 Defined by Spline Functions 


Figure 84. 


(Solid Line) Compared with Original Watershed Outline 


(Dashed Line) 
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The beginning point was not duplicated as the last point to close the 
watershed, rather this closing occurred internally within the fitting 
algorithm. The x and y coordinates around the periphery are given in 
Table 83. 


Table 83. Coordinates x and y on the Periphery of Watershed 
MO9, in Feet. 


Point No. ey a i 
x-coord, 1000 800° 5410 640 "720 750) Size 
y-coord. 0 80 600 1100 1250 1550 1900 
Point No. 8.) 9) Soe 8 ns eee 
x-coord. 1400 1820 1900 2120 1900 1500 1100 
y-coord. 2080 2000 1800 1500 1000 600 100 


The shape of the watershed (solid line), Figure 83, was defined by 
spline functions with a tension factor o=l, and angles of 180° and 45°, 
respectively, for the line joining at point 1. On this figure the 
original watershed MO9 boundary (dashed line) has been superimposed. 
From the actual shape, one can see which additional coordinate points 
would result in a more accurate fit. 


For example, adding a point approximately midway between points 
2 and 3 with coordinates (650,300) would eliminate the deviation in 
this region. Also, an additional point between 3 and 4 was needed with 
coordinates (520,850). 


The computed x and y coordinate values from the splines under 
tension fit are given in Table 84. 
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Table 84. Watershed Boundary Defining Coordinates Generated by 
Spline Functions from Given Coordinates (Table 83), 


in Feet. 

x-coord. 1000 823 7 661.9 S28 430.4 A156 479.9 
y-coord. 0 64.2 189.3 357.0 500.4 670.8 844.3 
x-coord. lei Mey, 690.3 736.0 749.8 rou BEES: SGI ZL ee 
y-coord. Tipe oO ole. [559.3 eL LoVe 81/716.5 357-3. 2969-7 
x-coord. 1289.7 41487.5 169328 °1834.2 1901.1 ZO 22 
y-coord. 2050n 3°S 2092.9 20/7 72392197 7 32 -=1/97.8 1640.1 1493.8 
x-coord. Z1On 204.9 £57994 -41734:6 ©1597 .7 1486.2" 1403.9 
y-coord. GS Whe aa Beye eee S770 829.9 700.3 583.9 VY i Memes 
x-coord. 1310.0 1155.6 

y-coord. Sole a 138 3a 


Specifying that Ax= Ay = 200 ft., the computer computations produced 
the y intersections along each of the vertical (x equal constant) grid 
lines as given in Table 85. The x intersections along each of the hori- 
zontal (y equal constant) grid lines are given in Table 86. In both 
Tables 85 and 86, on most of the grid lines, intervals shorter than the 
regular Ax = Ay = 200 ft. exist at the ends of the lines. Only when an 
intersection falls exactly on the boundary do these shorter intervals 
not -OCCuUrs 


The area of each element was also computed (Table 87). The area 
of an element is defined as the area closestto an intersection of a 
given vertical and a given horizontal grid line. From this definition, 
the boundaries of the areas exist midway between grid lines or between 
grid lines and neighboring segments of the watershed boundary, whichever 
the case may be. For any grid intersection sufficiently within the 
watershed that no boundary is within a distance of Ax in the horizontal 
direction or Ay in the verticaldirection, the area is Ax times Ay. 
For those grid intersections closer than this to the boundaries, the 
areas are computed by the trapezoidal rule. 
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Table 87. Computer-Generated Table of Areas Associated with Crid Intersection Points 


eeu Seige ee ae ee ee 
AREAS ALONG CONSECUTIVE X=CONSTANT LINES tNUMBER IN ( )~ TS Y=CONSTANT GRIN UIRNE) 


GRIND LINE x= 6NO.-ntINHD 
421U5. ¢{ 4N0) SONOS 
GRID LIN©® x= g8nu.none 
GY839b. ( 200) snnan. 
GRID LINE ¥= 1000.0000 
ZUUULe OF So Soa. 
8Qu0N. (1600) B25: 
GRIO LINE X= 1200.n000 
Sub27. ¢( 400) 4MUOU. 
2483U5 (201N0) 
CRIO LINE X= 1400.00GN 
HuUUtMe ff BUU) 4nonga. 
GRID LINE x= 1600.0000 
§U45be. ( 80UU) 4NOUOe 
GRYIO LINE X= 18eNN.Nn0NnNn 
YuUUUe. (1000) 4NOU0. 
GRTIO LINE y= zono.nou0 
28224. (1200) HYINT. 


( 20) 
(1800) 


( 6u00) 


( 800) 
(10Qu) 
(12nd) 


(14u0) 


-_—oroonon ere ewe en wm ow we 8 ©" oO © @ @@ oe © Oe @@ c= c= © © we © ww oe wm oe oem om om ow oe woo ow oe 


47522. ( 8NO) 29756. (10in) 
4iMUGe. € 6NO) 4OuNO~. € 81) HUGO. (1090) 4Oo707. (1200) 3.1956. (1490) 34826. (1600) 


4ud. ( 40U) 4nuogd. ¢ 6M) SsoHUON. ¢ 8nn) 4unone €100U) 4huvo. (1200) 4yOnod. (1400) 
#OUGU. ( “80U) 4O00u.-. (1000) 400nU. (1200) 4YOnuoe (140U) 4oOOuN. (1600) 4wenoo. (12800) 


4unOU. (10NU) 4SntMu. (12m) 4OHUU. (2400) 4ynud. (16NV) YOUU. (1800) 56900. (2000) 
HONGO. (1200) 4YOUNU. (14900) 4UUOO. 11600 ‘“unoo. (1800) 57552. (2000) 
4f7OO0. (1400) SHOUD. (1600) sono. (1800) 26445. (200N) 


42221. (16NU) 


In computing the areas, vertical grid lines are scanned one by 
one. At each intersection with a horizontal line, the end values for 
that horizontal grid line are examined. If the x-coordinate of the 
vertical line is equal to or greater than the first value on the 
horizontal line plus 4x, or less than the last value on this hori- 
zontal line minus Ax, and it is not the second point from the end, then 
it is a regular area equal to Ax times Ay. If any of these conditions 
are not satisfied, smaller sizes are computed. 


a. Splines Under Tension 


The shape of the watershed is determined by interpolation using 
splines under tension between boundary coordinates as described in the 
previous section. Splines under tension were implemented from an 
unpublished paper by Cline (1968). The spline under tension was 
introduced by Schweikert (1966) to imitate cubic splines (see Ahlberg 
et al, 1967) but avoid the spurious critical points induced by the latter. 
Splines under tension allow a smooth and accurate fit of local behavior. 
By varying a tension factor, the flexure of the fit can be varied. 
Sufficient tension will remove unwanted inflection points, and with a 
large tension factor an essentially straight line can be fitted between 
each consecutive pair of points. 


A spline under tension can be developed from a differential 
equation. The differential equation involves values of the second 
derivative of the spline. Given a set of coordinates (xj, y;) and a 
constant tension factor 0, a real-valued function f is sought having two 
continuous derivatives such that, 
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Solving Eq. 2 by satisfying the condition given by Eq. 1 
results in, 
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Differentiating Eq. 3 with right-and left-handed derivatives 


equated, results in, 
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The ends of the spline can be given specified slopes. These 
specifications provide two additional conditions 


ro (x4). =iype and £ (xe) ye (5) 


The conditions given by 5-canybe utilized) by again differentiating 


Eq.) 3 at 4 Xs and x = x and then equating to y,' and y * 
n n 


respectively to give : 
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and 
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Equations 4, 6 and 7 are a tridiagonal system of linear equations 
for the unknowns EN(REDIG Lor ao bye 2s in. SoUpon“solving this 
system of equations the f"(x;) are known and can be used in Eq. 3 
as the interpolating function. 


If the problem is to fit an entire continuous curve through 
memcoordinares (xs piv )O*ItS JSS ny, "then“Jet sy) = Ovand 
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fies ie tt rs Ow possible to fit two splines x and y-as 
functions of the polygonal arc lengths with 
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These spline functions are identical to Eq. 3 with the exception 
@iatethe arguments of the hyperbolic sines, as well as x34) - x 
gpdex. 9X5, ere. replaced, by As's along the polygonal arc length. 
ihesedquatioustor, £(y)yis.identical to that for, f(x) with the 
exception that y replaces x and a tridiagonal system must be 


solved for. f'(y;). 
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B. Component Models 


1. Unsaturated Flow Model 


a. Introduction 


Water movement in unsaturated soils is described on the basis of 
fundamental principles of conservation of mass and energy, whose 
mathematics produce partial differential equations. The resulting 
mathematical problem, called an initial boundary value problem, cannot 
be solved in closed form, in general, because the partial differential 
equation is nonlinear. Instead, a numerical approximation to the 
partial differential equations is usually solved. Prominant among the 
numerical methods being used are the methods of finite differences. In 
these methods, the dependent variable is discretized by imposing a 
grid (generaily rectangular) within the region of the problem and 
then approximating the continuous function by a polynomial (generally 
second order) between some number of consecutive grid points. This 
discretization produces a system of simultaneous algebraic equations 
whose solution is a numerical approximation of the initial boundary 
value problem. 


After deciding upon the general approach that was to be used in 
modeling surface and subsurface watershed hydrology, as described in a 
previous section, it was decided to develop a computer program to pro- 
vide a finite difference solution to the unsaturated flow equation 
rather than te adapt some existing program to serve these needs. The 
mathematics and techniques used in the development of this unsaturated 
component model are described in the following sections. 


b. Formulation of the Mathematical Initial Boundary Value Problem 
for the Unsaturated Flow Model 


The differential equation which describes fluid movement through 
unsaturated soil is obtained by substituting Darcy's law, which is an 
expression of the energy principle, into the differential form of the 
conservation of mass equation. A form of the equation is, 


LM 3Se se eSeaan 
WKyh) = is TDaapae ie (9) 


in which h is the total hydraulic head, or fluid energy per unit weight 
of fluid, and herein will consist of the sum of the elevation head z 


and” the? pressure head fy. = ae K is the hydraulic’ conductivity wrem 


dimensions of velocity, n is the soil porosity and is the volume or 
soil voids divided by the total volume, S is the water saturation and 
is defined as the volume of water divided by the volume of voids, t is 


ee OG 


time, and y is the derivative vector operator, and, in cartesian 
coordinates, 


In the expression for pressure head, P is water pressure in the pores 

of the soil, negative for unsaturated flow, p is water density, and 

g is acceleration due to gravity. The following assumptions are required 
Por Eds. 1: 


1. Darcy's Law is valid for unsaturated flow provided the 
hydraulic conductivity is expressed as an appropriate 
function of soil water saturation. 


2. Gas flow which occurs as water fills or evacuates soil 
voids does so under such small gradients compared to the 
water flow that it can be ignored. 


3. The fluid (water) is incompressible and, consequently, of 
constant density. 


4. Solid particles of the soil do not move or consolidate and, 
consequently, n is constant for any soil layer. 


5. On a macro scale, the functions which describe the flow and 
their derivatives are continuous so that the differential 
form of the continuity equation is valid. 


In Eq. 9, h is considered the dependent variable. The pressure 
head (or pressure) might be introduced as the dependent variable from 
hoe rei 2) %giving 


or ee (10) 
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By defining the soil water diffusivity as 


eats (11) 


Eq. 9 can be modified so that the water content @ = nS is the dependent 
variable. 


This third equation is 


12) 
dK 00 36 ( 
Mf sven Nous a. ot 


- 271 - 


While it is possible to show numerical advantages in solving 
Eq. 12 over Eqs. 9 or 10, or it is possible to enhance the numerical 
solution of Eq. 9 by the Kirchhoff transformation, Eq. 10 has been 
selected as the basic equation for which a finite difference solution 
will be obtained, because it interfaces well with the ground-water 
model. Because the unsaturated model is composed of vertical elements, 
each containing one-dimensional flow, Eq. 10 can be simplified to the 
following one dimensional-time dependent equation 


‘) 3 
[kK aa i slbearias 25h (13) 
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in which the relative hydraulic conductivity Ky = K/K,, Kg is the satu- 
rated hydraulic conductivity, and z is the vertical coordinate. 


According to Eq. 13, the pressure head is a function of position 
in the profile and Cime: “Sinee Py, is: a function) et ez sande eta ae 
useful to visualize unsaturated flow within each element of the water- 
shed in the z-t plane of Figure 85. The origin of the coordinate z 
is the water table, and, because the level of.the water table will 
differ at each element, the point z = 0 will be at a different absolute 
elevation for each prism throughout the watershed. The watershed sur- 
face constitutes the top, or right-most boundary in the z-t plane. On 
this watershed surface boundary a rainfall record provides a boundary 
condition consisting of a specified flux rate as a function of time. 
Another possible boundary condition for the watershed surface is a 
specified saturation S as a function of time. This latter condition 
occurs, for example, whenever the rainfall rate exceeds the intake 
capacity of the profile. The specified saturation may be unity. How- 
ever, Since all the air is seldom removed as water first enters the 
soil, even though the water may be ponded to a small depth on the 
surface, this specified surface saturation is more realistically given 
ai valuevot 0. S85ntot 09958 


The initial condition consists of values of the capillary pressure 
head at the beginning of the solution process. These are the values 
that must be assigned along the z-axis of Figure 85 when t = 0. Any 
number of possibilities exist, such as: 


1. A hydrostatic equilibrium condition in which no. water movement 
occurs. This hydrostatic equilibrium condition can be obtained 
from the fact that if no water movement exists, the gradient 
of hydraulic head, h, must be zero; i.e., the hydraulic head 
along the z-axis is a constant h,. Therefore, dPp,/dz = -1 or 


Py (z,0) = Py (0,0) -z = ho te ce (14) 


2. A condition in which the saturation or moisture content is 
constant. For constant saturation throughout the profile, 
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Figure 85. Unsaturated Water Movement in the z-t Plane 
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the initial condition comes from the relationship between 
saturation and pressure head which is discussed later. 


3. A condition in which the hydraulic head or pressure head is 
given as a function of position z. An initial condition of 
this type would be given, for example, if the results from a 
previous simulation of unsaturated moisture movement are to 
be used for a new simulation that is to carry the solution 
to a new time. 


4. A condition in which the saturation, or water content is 
given as a function of position z. 


Condition No. 1 is shown in Figure 85 for illustrative purposes, 
even though any of the other three conditions may be used. For con- 
dition No. 1, no change will occur in the capillary pressure head until . 
the influence from one of the boundaries reaches the point of interest 
within the profile. Such boundary influence can come from infiltration 
of rain on the surface. At depths beyond the wetting front of this 
infiltrating water no changes in Py, will occur. That is, P} will remain 
as given by P, = h, - Zz. “Changes in the value of (P;}, will be rescricg. 
to the space between the surface and the wetting front. Therefore, 

a computational efficiency can be achieved by only solving the equations 
from grid points up to and slightly beyond the wetting front. This 
efficiency has been built into the computer program and is noted in 
Figure 85. 


The bottom boundary of the unsaturated zone will generally be taken 
at the water table. If this boundary is the water table, the pressure 
in the soil water will be atmospheric and, therefore, the condition is 


Pyn.(0,t) head (15) 


However, the computer program has been written to allow this bound- 
ary to be taken as any no-flux boundary until the soil at this depth 
reaches unit saturation. Thus, this boundary may be taken at the 
interface between a very well-drained sand or gravel layer and the top- 
soil as well as an impervious material, since the topsoil will not trans- 
mit water into a sand or gravel until it approaches unit saturation. 
After the soil at the zero boundary approaches unit saturation or the 
pressure head approaches zero, this boundary becomes a flow-through 
boundary, with P}, remaining constant and equal to zero. 


c. Hydraulic Properties of Unsaturated Soils 


The solution to any problem governed by the flow equation, Eq. 10, 
necessitates that relationships be established between the hydraulic 
conductivity, K, or the relative hydraulic conductivity, K;, and the 
pressure, P,, and also that pressure, P,, be a known function of saturation 
S. One approach to defining these needed relationships is to use actual 
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data obtained from laboratory or field tests. Another approach 5 ae ae) 
use equations containing parameters that can be varied to fit the 
properties of any given soil. A disadvantage of the first approach, of 
using actual soil data, is that a considerable data base is required, 
with a comparable increase in the amount of input data needed to use 
the computer program. The parametric equation approach has the dis- 
advantage that no simple parametric equation has been presented that 
fits these needed relationships well for all soils and soil conditions. 
The phenomena of hysteresis exhibited by most soils between the 
desaturation and imbibition cycles further complicates the use of 
simple parametric equations for defining these hydraulic properties. 

In consideration of the limitations of both approaches and that detailed 
soil data are limited, costly, and difficult to obtain, it was decided 

to use the parametric equation approach. The equations selected 

are a modification of the Brooks—Corey equations (Brooks and Corey, 1964 
and 1966) by the introduction of an additional parameter, a, which 
allows better fit of imbibition data. The equation selected to define 
the saturation-pressure relationship is 


S=S + (1-S_) = 
Be) 
} eat) (16) 
b 
Sec . 
or SU ee ie FA Sy SN 
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in which S; is the residual saturation and can be taken to be the small 
moisture content a soil will retain at very high capillary tensions 
(very small [Megative] hydraulic pressure) when the hydraulic. conducti- 
vity for practical purposes equals zero; P} is the bubbling pressure, 
or air entry pressure, and represents the tension needed to first 
extract water from saturated soil; and i} is the pore size distribution 
exponent, a value small for soils with well graded grain sizes and 
large for soils composed of uniform grain sizes. 


The relationship used for the relative hydraulic conductivity—- 
pressure relationship is 


Se in oe! een. ae (18) 
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The Brooks-Corey equations comparable to Eqs. 1/7 and 18 are; 


PP 
Sees ue for {P| > Py 
(19) 
Sed ude for | P| < Dike 
and 2 2432 
4 by 
Keged- Gav for | P| > |P,| 
(20) 


K_ = 1-0 for J P| sal Fe! 


Eq. 20 can be obtained directly from Eq. 19 with the Burdine Theory 
(Burdine, 1952), or by integration of 


K = 5 Be er (21) 


Eqs. 19 and 20 both are straight lines on a log-log plot, 
whereas Eqs. 17 and 18 closely approximate a straight line on such a 
plot for small (negative) pressure values, but smoothly approach unity 
as P approaches zero. Thus, no discontinuity in the relationship 
exists as) does, in Eqs..19 and 20 at_P =;P}.. These facts are iJ lucie 
in Figures 86, 87, and 88 in which the two parameters, a and dX , have 
been varied with S; = 0.15 held constant, in generating the solid 
curves. The dashed curves show corresponding plots of Eqs. 11 and 12. 


The solution of Eq. 13 requires derivatives of S and Ky 


with respect to the pressure head, Py. Taking the derivatives of 
Eqs.,17 and 18 with, respect (to (By produces the fol lowing: 
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Figure 88. Relative Conductivity-Capillary Pressure Curves for Several Values 
of the Pore Size Distribution Exponent A and Parameter a 
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in which € = 2+3\ and Pay is the average of the pressure head at the 
current and advanced time steps. This average value has been intro- 
duced here in anticipation of the finite difference method that will be 
used to solve the initial boundary value problem posed in Figure 85. 


d. Finite Difference Equations 


The Crank-Nicholson method has been used to obtain an approximate 
numerical solution to the unsaturated flow problem described previously. 
According to the Crank-Nicholson method, differences of the space 
derivatives at the advanced time increment are weighted equally with 
those of the current time increment as the time derivative is approxi- 
mated with a second order difference centered midway between the time 
increments. Thus, if central differences are used to approximate the 
space derivatives, the Crank-Nicholson method approximately evaluates 
the partial differential equation being solved at a point midway between 
the time increments and at the given space grid point. This approxi- 
mation leads to a system of simultaneous algebraic equations, the 
simultaneous solution of which advances the flow regime through each 
time increment. This differencing approach is referred to as an 
implicit method, and provides equations which are stable (i.e., trun- 
cation errors do not grow in magnitude for any time increment size). 


There are two approaches commonly used in obtaining the differ- 
ence approximation to the left side (or the space derivative) of Eq. 13. 
The first approach takes the algebraic derivatives of the product term 
Ky (AP}, + k) and thereafter differences each remaining derivative. The 
second approach differences the product term directly. In this second 
approach a difference of a difference approximation occurs and, there- 
fore, the order of the approximation is not as clearly defined as in 
the first approach. However, the resulting finite difference equations 
are simpler. Primarily for this latter reason the second approach is 
followed here. 


Using Fy to designate the ith equation in a system of simultaneous 
equations, the finite difference approximation to Eq. 13 is: 
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in which the superscript k represents the time increment k = t/At 
Emdeaerepresents the space grid line; i.e.,. i = z/Az +1, 
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P = (P, + Pi~)/2 (26) 


meaeene relative hydraulic conductivites are evaluated’ using average 


merges Of capillary pressure aS indicated by the subscript. For example 
e x a 
2s P Perot X 
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b 
The subscript i in Eq. 24 takes on the value i = 2,3, --, n-1, in which 


n is the number of the grid point on the ground surface. Special 
equations for F; and F,, are needed for the boundary z = 0 and z = D 
where D is the depth of the unsaturated zone. The equation for F, is 


obtained from the no-flux condition 


Ee eel (28) 
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as long as P, < Q. When Py equals zero, water will move through the 
lower boundary of the region. Whenever it is assumed that a water 
table exists at z = 0,‘then, P), will equal Zero vat this boundary from 
the beginning time step k = 0. Under such conditions the grid point 

i = 1 has a known value P, = O and is a Dirichlet condition and, 
consequently, no equation for Fj exists. -When this is not the case, 
however, the finite difference equation for F, is obtained by approximating 
the derivative in Eq. 28 by a second order central difference at i = l 
giving P, = P> + 2Az, which is substituted for 2, when i = 1 in the 
regular finite difference Eq. 24 to give (K_a, = 1 since it is’ in the 
saturated zone) , 


k+1 
Fa = i (P5 = Pi + Az) - Ki, Cea a P» + m) 


A-1 
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av 
a t+), —— 
k 
Ky (Py - Py + 382) | = 0 (29) 


in which Ky is evaluated from 
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The top boundary will be handled differently depending upon whether the 
specified flux condition or the specified surface saturation occurs. 
For the specified surface saturation, no equation F_ is needed since 
the upper boundary is a Dirichlet condition with Pp computed from the 
specified saturation or 
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in which both a superscript k and k+l apply to P_, and Sy west fhe 
specified surface saturation. The specified flux condition has been 
handled by using the regular finite difference equation, i.e., 


k+] 
+ b2)| 


Fo = /K P ~- Po + - - P 
n nts ( a ae ee Az) Krast es n-1 


MM ou) 


in which ne is a repeat of the first terms in the square brackets and 
the pressure P,) above the boundary is given by 


= 
ral G26 = p/P) 


a= WP =a 2A + 
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The system of equations, F., i=1, 2 --n-1l, n (or Eel 2s 


3 --n), must be solved to advance the flow regime through each time 
step. This system of equations is nonlinear and, consequently, requires 
some special’ treatment. The method of solution is described later. It 
should be noted now, however, that if the surface saturation condition 
applies on the boundary z = D, then the last equation of the system is 
ee pedsOn  thessystem consists of. Fo, 4 = 1, 2 --n-l. Also, after the 
bottom boundary reaches a zero pressure, or if the problem specifies 
that at t = 0, no equation exists at the first grid point, then the 
system consists of F., i = 2, --n-l (or n). 


e. Evapotranspiration Sink Terms 


Transpired water is extracted at depths where plant roots exist in 
the soil. These depths will depend upon plant species and the period 
in the plants life cycle. To model this as accurately as possible, 
the unsaturated model allows for sink terms to exist at the grid point 
near the surface. To derive the equations which include these sink 
terms, consider a small one-dimensional element of soil as shown in the 
sketch on the following page. The water flux transmitted through the 
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lower boundary is given as v, and that leaving through the upper boundary 
is given by 


Vv fey dz. (33) 


Also, the sink removes the flux qe, which equals the volumetric flow— 
rate Q per unit surface area of evapotranspiration that occurs at this 
depth. Thus from continuity 
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The finite difference approximation of Eq. 35is 
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which is the same as the regular finite difference Eq. 24 with the 
addition of the sink term. 


f. Solution of Finite Difference Equations. 


The general Newton-Raphson iterative method has been utilized in 
solving the system of nonlinear finite difference equations to advance 
the solutions through each new time step. The Newton-Raphson method is 
an iterative method that provides quadratic convergence and, therefore, 
is well adapted in principle for solving nonlinear finite difference 
equations from a parabolic partial differential equation; because, from 
the known values on the current time step, fairly good estimates can be 
provided with which to start the iteration. In discussing the Newton- 
Raphson method the system of equations F;, i = 1, 2 --n will be referred 
to as the equation vector, F. The unknowns for which the solution is 
sought are the pressure heads at the advance time with a k+l super- 
script. These unknowns p,ktl, i =1, 2 ---n will be referred to as the 
unknown vector, P. 


The Newton-Raphson method provides a better approximation to the 
unknown vector P by means of the iterative formula, 


+(mt1) _ 3(m) _ -1,(m) 2(m)_, 
P =A (Drs) F (37) 


in which the superscript (m) denotes the iteration number and pl is 
the inverse of the Jacobian matrix and for the system of finite differ- 
ence equations described previously consists of the tridiagonal matrix, 


oF oF, 
oP, oP, 
oF, oF, oF, 
DoS oP, oP, oP. 
OF -l OF 1 OF 4 in 
oP 2 oP 4 oP 
OF OF 
n n 
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for the case with all equations F;, i= 1, 2 --n. The top row and last 
row of D are deleted if the saturated surface condition or the P = 0 
condition exists on the top and bottom boundaries, respectively. Accompany- 
ing deletion of the first row, 9F2/3P , does not exist. Likely, as Fy is 


removed 3Fp_-j/3P, does not exist. 
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The actual implementation of Eq. 37 in obtaining a solution 
in a computer program will take the forn, 


(m1) >(m) > 
gE = Pp aie), : Pen 


in which the vector X is the solution to the linear system 
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The equations needed for evaluating the individual derivatives 
in the Jacobian D are given below: 
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The solution of the linear system of equations represented by 
Eq. 40, is accomplished by noting that this is a tridiagonal system 
with, at most, three non-zero elements on each row: the diagonal 
element and the elements immediately below and above the diagonal. 
Either decomposition methods or the Gaussian elimination produce effi- 
cient computational methods for solving Eq. 40. One pass to eliminate the 
elements below the diagonal followed by back substitution produces the 
solution. 


While, in theory, the solution to the above equations by the 
Newton-Raphson method advances the solution through a time step, the 
strongly nonlinear equations can, and often do, cause the Newton- 
Raphson method to fail to produce a solution, particularly if a wetting 
front exists in the profile in which the water content changes abruptly 
between consecutive finite difference grid points. For such diffi- 
culties, a number of actions may be taken such as reducing the grid 
space, reducing the time step, and building special additional logic 
into the computer program to insure that the Newton iteration always 
produces reasonable estimates for the vector P (k+l) at all grid points. 


2. Overland Flow Model 


After investigating available computer programs capable of handling 
overland flow on a watershed surface, it was decided to utilize that of 
Rovey et al, (1977). The FORTRAN. program has been acquired, and an 
effort made to make it fully operational on a stand-alone basis. 

A number of routine changes were necessary to adapt it to a different 
computer. At present, there are difficulties in getting adequate per- 
formance from this program for some problem solutions that have been 
attempted. Future efforts will make the necessary modifications to get 
proper performance and to couple the model to the other component models. 


3. Ground-Water Model 
a. Approach 


Quantification and better understanding of the ground-water systems 
of the study watersheds can be achieved by digital modeling. Modeling 
efforts thus far have been for premining flow conditions for watersheds 
CO6 and MO9. The model used, described by Trescott (1975) and Trescott 
and Larson (1976), employs a finite-difference numerical algorithm to 
arrive at approximate solutions to the partial differential equations 
that describe ground-water flow. The option used has three layers. 

Each layer corresponds to an aquifer and consists of an array of 
approximately 25 x 17 nodes, each node representing an area of 100 

feet by 100 feet. The model is quasi-three-dimensional in that vertical 
flow is simulated only between the layers; within each layer, modeled 
flow is horizontal. Modifications to the off-the-shelf model allow 

for (1) flow from the aquifer to springs and streams and from streams to 
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the aquifer, (2) application of recharge to any layer, and (3) water- 

balance calculation for every layer. Both transient and steady-state 
simulations are possible, although only steady-state simulation will 

be discussed in this report. 


The model is illustrated schematically in Figure 89. In the top 
layer, discharge at the outcrop of the underlying confining bed (spring 
flow and evapotranspiration) is simulated by a line of nodes in the 
model grid. The discharge rate at these nodes is controlled by a 
leakage coefficient, confining-—bed elevation, and the calculated hydrau- 
lic head. In the middle layer discharge at stream nodes (base flow 
and evapotranspiration) is determined by the head difference between 
stream surface and aquifer and the leakance of the streambed (vertical 
hydraulic conductivity divided by bed thickness). Flow from the 
springs recharging the second layer, QS', is determined by the calcu- 
lated hydraulic head at the spring node and the leakance assigned to 
the confining bed at the spring node. This recharge can be controlled 
by adjusting the leakance. Flow in the deep layer is not simulated; 
this layer is modeled simply as a receptacle for downward leakage from 
the middle layer. 


Ground-water flow is determined within the model from equations 
based on Darcy's law, and a conservation principle--flow in must equal 
flow out of an aquifer-volume element. 


Except for the northwest part of MO9, the top aquifer is perched 
in each watershed and hence is separated from the middle aquifer by an 
unsaturated zone. This fact along with an assumed, spatially constant 
recharge rate, allows a simplified but useful discussion of ground- 
water flow through a volume element of the top aquifer, not incorpo- 
rating a spring (Figure 90). Let this element be a differential element 
of height, h, extending from the confining bed to the potentiometric 
surface (water table). For such an element, conservation requires that: 


Recharge Net areal flow Leakage downward 
to the = out of the + out of the (47) 
element aquifer element element. 


This equation is expressed within the model in mathematical form 


as: 
2 2 
a ort 0h 
RE = -Kh Pte) (ete ahGTKO datas (48) 
Q a 9) (TK) 


where K is aquifer hydraulic conductivity, h is an approximation to the 
expected head (approximation used to avoid nonlinear equation), h is 
aquifer head, and TK is confining-bed leakance. 
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Figure 89. 


All constant head nodes 


EXPLANATION 
= spring node 
= stream node 
= precipitation recharge to layer n 
= leakage from layer n through its bottom confining bed 


= recharge to second layer due to spring discharge 
= surface discharge from top layer (spring flow plus 


e vapotranspiration) 

= surface discharge from middle layer (net base flow to 
stream plus evapotranspiration 

= net underflow across boundary into aquifer 


Schematic Diagram of Components of Ground-Water Flow Model 


— 290 = 


Differential 
Aquifer Volume Element 


Potentiometric 
surface 


Aquifer 
and Confining 
bed 


Q 


QRE, = rate of precipitation recharge to top aquifer 
Q, = leakage from top aquifer through its bottom confining bed 
QS = spring flow plus evapotranspiretion 


(TK)h = confining bed leakance, TK, times head,h, equal to rate of 


leakage through the confining bed of the differential volume 


element 


Figure 90. Flow Through Volume Element of Top Aquifer 
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Each term of Eq. 48 represents the corresponding term in the 
descriptive equation above it. Thereby, areal flow out of the aquifer 
element decreases as K decreases, and leakage decreases as h decreases. 


Several observations can be made now that lead to important 
modeling guidelines for the top aquifer. 


It can be shown by the conservation principle and the boundary 
conditions of the top aquifer, that recharge per unit area must be 
greater than or equal to leakage per unit area, or equivalently, that 


net areal flow into a volume element cannot exist. To show this, 
a heuristic argument follows. 


Assume there exists a net areal flow into an arbitrary volume 
element; then surrounding elements (of equal areal extent) have a 
higher average head, and hence more downward leakage (leakance is 
assumed spatially constant). Because recharge is the same for all 
elements, these surrounding elements must, therefore, be receiving 
more areal flow than they are transmitting to the central element 
(conservation principle). Similarly, the elements surrounding these 
secondary elements also receive more areal flow than they are transmit- 
ting inwardly. Continuing this argument with ever-increasing annular 
areas, all boundary elements are finally reached. Because boundaries 
for the top aquifers are either impermeable or outflow boundaries,. the 
elements on these boundaries cannot receive areal flow. Thus, no 
volume element can receive a net areal influx. Using this fact in 
combination with Eq. 48 leads to 


TK. < QRE/h. 
(49) 


Hence, for a given recharge and a given aquifer head,a maximum 
confining-bed leakance is determined. It follows also that recharge 
and leakance fix a maximum head that can be generated by a particular 
simulation. Equation 48 shows that this maximum head is achieved as 
the hydraulic conductivity approaches zero. Also, simulated top 
aquifer potentiometric surfaces will not be concave. 


It is not the purpose of the simulation of ground-water flow to 
represent an entire ground-water system in all its complexity. As 
with any physical description it must be incomplete. This incomplete- 
ness has two aspects: one is that observations themselves are inade- 
quate todescribe all the details of the physical system, and the other 
is that the model is not capable of detailed simulation of all complex- 
ities, even if they were known. Incompleteness of knowledge of the 
ground-water system can be illustrated by the fact that actual ground- 
water levels are known only at about ten points within each watershed, 
and the absence of vertical flow within a modeled aquifer is an example 
of incompleteness inherent in any of the simulations. The prime value 
of a model lies in its quality as a simplified abstraction. This 
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quality in the present case is most poignantly embodied in the phrase 
"steady state.'’ Such a state does not exist in nature, but it is a 
useful idea to consider because its application reveals hydrologic 
relationships between the various aspects of a problem without con- 
cern for the additional complexity of transient phenomena. How this 
abstraction relates to field observations and its dependency on input 
and hydrologic judgment is illustrated in Figure 91. 


Commonly, steady-state models are used to simulate a time- 
averaged field state, perhaps incorporating the annual average of all 
observed components. However, adjacent mining after the beginning of 
data collection at C06 and MO9 caused significant water-level changes 
in part of the top aquifer. Thus, a useful annual average of associated 
water-levels was impossible to calculate. Even if such a time-averaged 
field state could be calculated, such a state in nature would be highly 
unlikely. Hence, basic error is inherent in almost any attempt to 
simulate a time-averaged hydrologic state. For these reasons it was 
thought best to try to simulate instantaneous hydrologic states with 
steady-state models. For example, simulations of water levels, spring 
flow, and streamflow as measured in April 1976 for C06 and in May 1976 
for MO9 were attempted, assuming a recharge rate of 6 inches per year. 


Without knowing the exact hydrologic parameters needed for an 
accurate simulation, the steady-state recharge rate necessary to obtain 
agreement with observed field conditions cannot be determined. A 
surplus or small deficit in estimated recharge can be accommodated by 
altering overall confining-bed leakances, thereby bringing water levels 
close to field values without greatly affecting the shape of the 
potentiometric surface. The validity of such an accommodation cannot 
be checked because vertical leakage is not measured in the field. 
However, this ignorance implicit in a single steady-state simulation 
can be explored with transient simulations or steady-state simulations 
of other instantaneous states. 


The ranges of hydrologic parameters used in reported simulations 
are: 


Ground-water recharge = 0.5 ft/year 
Aquifer hydraulic conductivity = 10-6 to 1078 ft/s 
Leakance = 1.5 ‘oy aes Pout a sta 


Spring and stream coefficients = 107 to 107° s-! 


Aquifer hydraulic conductivities used were those suggested by the 
results of aquifer test analyses (Table 74). Confining-bed leakance 
ranged from a theoretically determined maximum to a minimum that 
simulated approximate impermeability. For models constructed accord- 
ing to the above specifications, a 30 percent increase in recharge 
could result in water-table rises of 8 feet. Changes in spring and 
stream coefficients of two orders of magnitude had only local effects 
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Input: 
Geometrical factors 
Ground water recharge 
Hydraulic conductivities 
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Output: 
Potentiometric surfaces 
Spring flow and evapotran- 
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Base flow to stream and 
evapotranspiration 


Best simulation 
Leakage 


and best model 
parameters 


Figure 91. Flow Chart Illustrating the Use of the Ground-Water 
. Flow Model 
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on the potentiometric surface and an approximate 15 percent change in 
simulated spring flow and streamflow. Hence, further consideration of 
spring and stream coefficients is omitted here. Similarly, constant 
heads used to simulate boundary flow for the middle aquifer at MO9 were 
observed to have only local effects and to produce small flow rates; 
hence, they were omitted from most simulations of MO9 and replaced by 
a no-flow boundary. 


Simulation efforts for C06 and MO9 (discussed below) followed a 
rule of first investigating the adequacy of simple models (those with 
identical hydrologic parameters in the top and middle units). Geologic 
similarity between the units, based on drill-hole data, indicated a 
possibility that these models would produce realistic simulations. 


b. Results and Discussion 


(1). Watershed C06. Potentiometric surfaces in the top and 
middle aquifers were simulated for C06. Profiles of these were compared 
with April 1976 water levels observed along two sections, Wl-1 to W3-1l 
and W6-1 to W5-1 (well locations are shown in Figure 2). The observed 
profiles and definitive simulated profiles are in Figure 92. 


Simulations A and B (Figure 92) were generated by two of the best 
simple models. Simulation A gave a much better match to middle-aquifer 
water levels than Simulation B, whereas little difference in the 
simulated water levels was noted in the top aquifer. This suggests 
that a hydraulic conductivity of 3 x 10-6 ft/s may more appropriately 
have characterized the top and middle aquifers of C06, than one of 
bex. 10-/ /ft/s. 


Simulation C was a successful attempt to improve on simulation B 
by decreasing the top confining-bed leakance. This change resulted in 
higher simulated water levels of the middle aquifer, bringing them 
closer to those observed in the field. Geologic information did not 
rule out a difference in leakance between the top and middle confining 
beds. Hence, the model associated with Simulation C could have incor- 
porated a valid hydrologic structure. 


The concave shapes of the middle-aquifer potentiometric profiles 
in Simulations B and C reflected recharge where the aquifer was not 
overlain by the top confining bed. Though this feature is not evident 
on the potentiometric map (Figure 66), data were not sufficient to 
preclude the existence of such head distributions, at least during 
times of highest rates of recharge. 


Computed top-aquifer heads along the east profile (W6-1 to W5-1) 
were much too high in all simulations. This suggests an areal variation 
in confining-bed leakance for the top confining bed. Again, this 
possibility cannot be ruled out geologically, and is thought by the 
authors to be as likely as a variation within the aquifer itself. A 
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model with a spatially-variable confining-bed leakance has been con- 
structed and a simulation was tried, but the attempt did not converge 
to a solution. A change to a direct solution method rather than the 
iteration method now used is contemplated. This change could result in 
simulations that may be crucial in determining the best steady-state 
model of ground-water flow in C06. 


The water-budget component of spring flow plus evapotranspiration, 
QS (Table 88), exceeded measured spring flow for April 1976 (Figure 67). 
Because the field evapotranspiration was unknown, the simulated com- 
ponent of QS was considered to be in agreement with the field value. 
The water-budget component of base flow plus evapotranspiration, QR, 
may have been about equal to base flow for April 1976; it is believed 
that the relatively high measured streamflow during April (Figure 67) 
was mostly runoff from precipitation and snow melt and that base flow 
was less than 0.01 ft3/s as it was during May-August. The two best 
potentiometric matches, Simulations A and C, show large differences 
in QS and QR. Field data do not indicate which of these simulations is 
to be preferred on the basis of its water budget. 


(2). Watershed MO9. Potentiometric surfaces in the top and middle 
aquifers were simulated for MO9. Profiles of these were compared with 
May 1976 water levels observed along two sections, W1l-1l to W3-1 and 
W8-1 to W6-1 (well locations are shown in Figure 3). The observed 
profiles and definitive simulated profiles are shown in Figure 93. 


The profiles of Simulation D (Figure 93) represent the closest 
match to field heads under the restriction that the top and middle 
units had the same constant hydrologic parameters. However, the water 
levels generated by this simple approach were not in good agreement 
with field observations. 


Simulation E generated the best match to all the water levels. 
It was produced by a complicated model simulating different hydraulic 
conductivities in the top and the middle aquifers and an areal vari- 
ation in the top confining bed leakance of more than one order of 
magnitude, increasing from the ground-water divide to the outcrop 
over the northern half of the watershed. The middle confining bed 
was assigned avalueof leakance between the low and high values for 
the top confining bed. Drilling-log descriptions of the top confin- 
ing bed include nothing to indicate a large variation in leakance. 
Hence, if such a variation did exist, it may have been due to fractures 
in the underclay away from the ground-water divide. Theoretically, it 
can be shown that only a variation in top confining-bed leakance as 
described above (or a large variation in recharge, which seems unlikely) 
would result in simulated heads that agree with observed W6-1 and W8-1 
water levels. Combining this variation with an aquifer hydraulic con- 
ductivity of approximately 3 x ithe Gall: produces improved simulated 
head values. In Simulation E, the W/-1 and W8-1 water levels were 
well matched, as were the W/-2 and W9-2 water levels, even though flow 
along these two profiles for the most part was in opposite directions. 
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Table 88. Water Budgets for CO6 Simulations. 


QRE = precipitation recharge to layer. 
= leakage rate from layer n through its 
bottom confining bed. 
surface discharge from the top layer. 
(Spring flow plus evapotranspiration.) 
QR = surface discharge from middle layer. 
(Net base flow to stream plus 
evapotranspiration.) 
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Figure 93. Simulated Potentiometric Profiles for MO9 


The water-level profiles generated by Simulation F show the best 
that can be expected if the hydraulic conductivity in Simulation E is 
increased by approximately an order of magnitude. These profiles do 
not have the sharply varying slopes necessary for a good match of 
observed water levels. In particular, the W6-1 to W8-1 profile could 
never be matched with such a large hydraulic conductivity, allowing 
any conceivable confining-bed leakance variation. Hence, such large 
conductivities must be ruled out for no more complicated models of 
MO9 than are considered here. 


Simulations involving lower hydraulic conductivity values (on the 
order of 10°° ft/s) along with other parameters used in Simulation E, 
failed to converge to a solution. Solutions are expected from the 
direct solution method mentioned previously. From theoretical con- 
siderations, it seems likely that such models will be capable of 
exhibiting the necessary sharp slope changes with a smaller range of 
areal leakance variation in the top confining bed. If this occurs, 
then the new model will be an improvement on the ones discussed here 
because it will generate good matches to field data with a more justi- 
fiable areal leakance variation. 


Water-budget data for MO9 simulations are presented in Table 89. 
Spring flow plus evapotranspiration (QS) for the best MO9 potentio- 
metric simulation (Simulation E) was greater than observed spring flow 
(Figure 71). Because the field evapotranspiration was unknown, the 
simulated spring flow plus evapotranspiration was considered to be in 
agreement with field values. Although streamflow data are not avail- 
able for May 1976, simulated base flow plus evapotranspiration (QR) 
agreed approximately with base flow during June-December (less than 
0.01 ft3/s), (Figure 71). Again, as in the C06 discussion, comparison 
with field water-budget data does not yield any preferred simulations. 
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Table 89. Water Budgets for MO9 Simulations. 
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Boundary flow was eliminated in simulations E and 
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IX. ECONOMICS 


A. General 


During the past decade a number of Federal and Ohio laws have 
been enacted to encourage reclamation of areas disturbed by surface 
mining. These laws have been implemented by Federal and state 
agencies which have issued regulations, monitored reclamation 
activities, and enforced provision of the regulations. 


The mining industry has sought to comply with these regulations. 
At the same time, the industry has complained of the legal and admin- 
istrative burden of these reclamation requirements. Complex regula- 
tions have to be studied, reports must be filed, performance bonds 
must be acquired, license must be purchased, permits must be obtained, 
and so forth. These costs are real. They consume resources that 
could be employed elsewhere. Yet few studies have identified their 
magnitude. The overall objective of this study is to estimate these 
costs. 


Economic analysis of strip mine reclamation is proceeding in 
three stages. First, legal and administrative costs of complying with 
Federal and Ohio regulations have been estimated. Second, the costs 
of the reclamation process are to be estimated. Third, benefits of 
reclamation to the surrounding community are to be projected. 


The first stage, estimating legal and administrative costs, has 
been completed and publications from this stage are being planned. 
Work is now in progress on assessing the costs and benefits of 
reclamation. However, these stages are in their infancy with data 
collection being the primary activity. This report concentrates on 
describing research in the first stage and summarizing results of 
this stage. 


B. Legal and Administrative Costs 
1. Study Objectives 


Specific objectives of the first stage were to: 


1. Review state and Federal legislation which affect legal 
and administrative costs, 


2. Compare the impact of the existing state law with the 
impact of the new Federal law, 


3. Estimate legal and administrative costs incurred by 


companies in complying with state and Federal regulations, 
and 
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4. Estimate costs incurred by state and Federal agencies in 
establishing, monitoring, and enforcing reclamation 
regulations. 


2. Results and Discussion 


Objectives 1 and 2 were met by reviewing and summarizing 
current Ohio strip mine laws and the new Federal law. A prepared 
manuscript titled, ''Legal and Administrative Costs of Strip Mine 
Reclamation in Ohio," summarizes state and Federal provisions and 
is presented in a publications supplement to the Phase I Report. 
In general, the Ohio Strip Mine Reclamation Law has required operators 
to meet a number of stringent regulations since 1972. Compared to 
other states, these regulations were relatively severe and placed 
Ohio's strip mine operators at a competitive disadvantage. The 1977 
Federal Surface Mining and Control Act initiated a Federal program 
of regulating reclamation. Many similarities were found between Ohio 
and Federal law. In many cases though, the Federal law is more re- 
strictive. But the legal and administrative costs borne by coal 
companies under the Ohio law appear to be good surrogates for these 
costs under the new Federal law. 


To accomplish Objective 3, a survey of Ohio coal producers was 
conducted. A questionnaire was developed with the assistance of the coal 
mining industry and Division of Reclamation personnel. The question- 
naire was mailed to all Ohio coal mine producers, followed up with 
post cards two weeks later, and random telephone calls. 


Cost estimates provided by each mine operator were converted into 
an estimate of the present value of legal and administrative costs per 
acre for each permit. Regression analysis was used to identify the 
relationship between (a) cost per permit acre, and (b) number of 
acres in the permit. Also, the relationship was identified between 
(a) cost per coal ton, and (b) coal tons per acre and number of acres 
in the permit. 


Regression results indicated that size of the permit is an 
important variable in estimating legal and administrative costs 
(Table 90). A strip mine operator with a 10-acre permit would incur 
legal and administrative costs of nearly $300 per affected acre. An 
operator with a permit of 25 acres might expect to incur legal and 
administrative costs of about $180 per affected acre. Larger oper- 
ators with permits having 200 acres affected could expect legal and 
administrative costs of about $110 per acre. The relationship between 
costs per acre and acres in permit is depicted graphically in 
Figure 94. 


Results in Table 91 show the relationship between legal and 


administrative costs per ton and the acres in the permit and the coal 
tonnage per acre. These costs are illustrated in Figure 95. The mean 


= 303 — 


Table 90. Legal and Administrative Costs Per Acre as a Function 
of Affected Acres in the Permit. 


Affected Acres | oa and Administrative Costs/Acre* 


5) $492.31 
10 $296,. 23 
15 $230.87 
20 $198.19 
25 $178.58 
oD S1567LY, 
50 S139 .c)67. 
fis) $126.29 

100 So 4/6 
200 $109.95 
400 $105.05 


*Present value of all legal and administrative costs over the 
expected life of the permit. Discount rate of 8 percent is 
used. 
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in the Permit 


Table 91. Legal and Administrative Costs Per Ton as a Function of 
Acres in the Permit and Coal Yield (Tons Per Affected Acre). 


Tons Per Affected Acre 


Affected 
E20 Za23 3726 


Acres 


(1) 


ma te VO ee ee ee $ per ton.__.___.__ ee 


= 0.354 0.287 Ol22m 
10 0.240 0.174 0.108 
15 0.203 Oo136 0.070 
20 0.184 Oeil? 0.051 
Ze) Ona 0.105 0.039 
35 Og Bae, 02092 0.026 
50 0.150 0.083 0.017 
75 0.142 0.076 0.009 
‘100 0.138 OTO72 0.005 
200 0-233 0.066 0.00009 
400 0.130 0.063 eee === == 
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Figure 95. The Average Expected Premining Cost Per Ton Given the Affected 
Acreage in the Permit Under Alternative Levels of Coal 
Production Per Affected Acre 


permit in the survey had 2423 coal tons per permit acre. With this 
yield, a 20-acre permit could expect legal and administrative costs 
to total about: Ll.7e¢ perm cosis ton. 


Again, economies of size were apparent as higher yields and more 
acreage in the permit resulted in lower costs per ton. For the large 
permit with a large proportion of the affected acreage being mined, 
legal and administrative costs per ton were minute. 


There was wide variability in the coal yield from each permit. 
A standard deviation of 1303.18 tons per acre was computed from 
survey results. Some permits had a large proportion of the affected 
acreage being mined for coal, while others had little coal acreage 
and/or a narrow seam thickness. Column 2 in Table 91 shows the costs 
per ton for those low yielding permits which had yields of one standard 
deviation less than the mean. A 20-acre permit had legal and admin- 
istrative costs of 18.4¢ per ton. Column 4 in Table 91 shows costs 
per ton for those permits with yields one standard deviation above the 
mean. Legal and administrative costs totaled only 5.1¢ per ton for 
this 20-acre permit. 


Objective 4, estimating state and Federal costs in establishing, 
monitoring, and enforcing regulations, was accomplished by investi- 
gating the costs of Ohio's Division of Reclamation. This agency has 
been responsible for administering a relatively severe strip mine 
law, and costs are thought to be representative of costs in adminis— 
tering the Federal program. For the 1977 fiscal year, approximately 
$720,000 was spent on the monitoring and enforcing of the Ohio Strip 
Mine Law. However, receipts from license and permit fees paid by the 
industry totaled $989,000 for the same period. 


The Ohio Environmental Protection Agency administers the National 
Pollution Discharge Elimination System (NPDES) to control water 
pollution from strip mines in Ohio. Net costs of monitoring and 
enforcing the NPDES permits were about $60,000 in 1977. 


The estimates of legal and administrative costs for the industry 
included the license and permit fees paid by the industry. Thus, the 
state's administrative costs and the industry's administrative costs 
were not additive. Rather, the industry cost estimates included the 
costs incurred by the regulatory bodies. 
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Table A-1. Description and Characterization Data for Dekalb 
Loam (Watershed C06) 


SOIL TYFE: DEKALEK LOAM COUNTY: COSHOCTON SITE: CS-28 
FEDON CLASSIFICATION: LOAMY SKELETAL MIXED MESIC TYFIC DYSTROCHREFPTS 
LOCATION: 1200 FT E AND 600 FT S OF NW CORNER SEC. 22 T.4N K.SW 


FHYSIOGRAFHY: SIDESLOPE»s BACKSLOFE ELEVATION: 950 
TOFOGRAFPHY: VERY STEEF % SLOPE: 40 ASFECTs S-SW 
DRAINAGE: WELL VEGETATION: FOREST 
COLLECTORS: SMECK/HALL/RIDDLE DATES 7720/76 


FARENT MATERIALS: SANIISTONE AND SHALE 


HORIZON DEF TH 
IN 
Al Oras 
1OYR3/2-LOAM>) MODERATE FINE GRANULAR 
STRUCTURE’ VERY FRIABLE*? MANY MELIIUM ROOTSs 
20% COARSE FRAGMENTS’ ARRUFT SMOOTH KOUNLIARY. 
A21 3-11 
10YRS/4-SANDY LOAM’ WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURE* VERY FRIABLEs COMMON FINE ROOTSs 
45% COARSE FRAGMENTSs CLEAR SMOOTH BOUNLTIARY. 
A22 11-21 
1OYRS/4-SANDY LOAMs WEAK MEDIUM SUBRANGULAR BLOCKY 
STRUCTURE’ VERY FRIABLE+’ FEW FINE ROOTS» 
45% COARSE FRAGMENTS’ GRADUAL WAVY KBOUNTIARY. 
Bl 21-37 
1OYRS/6-SANUY LOAMs WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURES FRIABLEs’ FEW FINE ROOTS? 
THIN VERY FATCHY 7.5YR5/6 COATINGS ON ROCK FRAGMENTS» 
80% COARSE FRAGMENTS’ GRADUAL WAVY BOUNIIARY. 
B21T 37-48 
1OYRS/6-SANDY LOAMs WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURE? FRIABLEs FEW FINE ROOTSs 
MEDIUM VERY FATCHY 7.5YR5/6 COATINGS ON ROCK FRAGMENTS?3 
THICK CONTINUOUS 10YRS5/6 BRIDGING ON FEDS ANI! IN FORES?S 
80% COARSE FRAGMENTS’ GRADUAL WAVY BOUNDARY. 
K227 48-59 
1OYRS/6-SANDIY LOAMs WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURE’ FRIABLEs’ FEW FINE ROOTSs 
MEDIUM VERY FATCHY 7.SYRS/6 COATINGS ON ROCK FRAGMENTS? 
THICK CONTINUOUS 10YR5/6 BRIDGING ON FEDS ANI IN FORES? 
80% COARSE FRAGMENTS? GRADUAL WAVY BOUNTIARY. 
ITITB23T 99-68 
10YRS/4-SANLTY LOAM? WEAK MEDIUM SURANGULAR BLOCKY 
STRUCTURES’ FRIABLE*’ FEW FINE ROOTSs 
THICK FATCHY 7.SYR4/4 COATINGS ON ROCK FRAGMENTS? 
THICK CONTINUOUS 10YRS5/76 BRIDGING ON FEDS ANI IN FORES» 
90% COARSE FRAGMENTS’ GRADUAL WAVY BOUNLTIARY. 
IITK24T 68-76 
10YRS/3-SANI'Y LOAMs WEAK MEL IUM SUBRANGULAR BLOCKY 
STRUCTURE’ FRIABRLEs FEW FINE ROOTSs 
THICK VERY PATCHY 7.5YR4/4 COATINGS ON ROCK FRAGMENTSS 
THICK CONTINUOUS 10YR5/6 BRIDGING ON PELDIS AND IN FORESSs 
50% COARSE FRAGMENTS: ABRUFT WAVY BOUNTIARY. 
IITIES 76-84 
10YRS/4-SILTY CLAY LOAMs FEW MEDIUM FAINT 10YR5/6 AND 
FEW MEDIUM FAINT 10YRS/2 MOTTLES+ WEAK -FINE SUKANGULAR BLOCKY 
STRUCTURE’ FIRMs FEW ROOTS» 
35% COARSE FRAGMENTS» 


NOTE: SANIISTONE IN COLLUVIUM ABOVE 59 IN IS SOFT. THAT BELOW IS HARDER 
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Table A-1 (Cont't). Description and Characterization 


Data for Dekalb Loam (Watershed C06) 


SOIL SERIES: DEKALB COUNTY: COSHOCTON 

SITE: CS-28 DATE: 7/20/76 

DEFTH HORIZON CO PARTICLE SIZE DISTRIBUTION (%2mm)—-----~-~ TEXT 
IN FRAG ==> — == — SON a St = — =—-CEAY—=  CEASS 


IN 


x>2mm = VC9C M FI VFI TOT FI VF TOT Fle SO 


Al 37.8 6.6 12.3 33.2 7.2 59.3 18.2 5.0 32.0 1.4 8.7 SL 
A21 38.6 11.9 13.5 31.4 7.3 64.1 18.4 4.8 29.5 1.1 6.4 FSL 
A22 33.1 14.5 15.2 30.2 7.0 66.9 1667 4466 26.4 1.5 6-7 FSL 
Bl 26.9 16.4 18.8 29.8 5.9 70.9 14.9 5.1 21.8 O25) Fond SL. 
B21T 35-63 21.9 20.3 31.5 4.7 78.4 10.0 3.8 14.3 OV6 763 ES 
B22] 13.2 19.9 24.0 30.9 %S.2 80.0 9.5 3.4 12.1 PLNY) Thr LS 
IIB23T 9.2 16.0 24.6 31.5 4.8 76.9 9.8 3.9 14.8 201 8.3 BS 
TITK241 11.2 18.4 24.8 31.3 5.4 79.9 Vii Paes Aion diene 7 06 LS 
IIIE3 20-1 14.5 3.3 5-6 8.2 31.6 35.1 9.8 53.6 2.2 14.8 SIL. 
 eeepHenS ORG | ====-£09z---e+s <==-EXCH CATIONS MEG/1008——= BASE | 
WAT CaCl C CALC DOLO CARE H Ca Me K SUM SATs#% 
4.7 4.1 2.16 8.5 bolt; O.S) O851° 1088 ed, 
4.5 4.0 0.45 4.4 0.3 Ont Onis 30 11 
4-5 4.1 0.20 3.6 0.2 0.1 O.13 4.0 10 
4.8 4.1 0.18 3.6 0.4 O.2 0416 4.4 17 
302 4.64 0.14 2.4 0.7 0.8 O.15 4.1 40 
Ye2 4.5 0-10 265 0.9 1.1 0.14 4.4 46 
Je2 4.5 0.12 2.1 NOR 1.2 0.16 4.7 u4 
Sel 4.4 0.09 205 1.2 1.3 0.15 360 33 
4-6 4.1 0.27 8.1 2.6 3.5 0.25 14.5 43 
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Table A-2. Description and Characterization Data for 
Westmoreland Silt Loam (Watershed C06) 


SOIL TYFE:’ WESTMORELANI! SILT LOAM COUNTY: COSHOCTON SITE: CS-29 
PEDON CLASSIFICATION: FINE-LOAMY MIXED MESIC TYPIC HAFLULDIALF 
LOCATION: 9YOOFT E ANDI 1100FT S OF NW CORNER SEC. 22 T.4N R.SW 


PHYSIOGRAPHY: SUMMIT ELEVATION: 1020 FT. 
TOFOGRAFHY: GENTLY SLOFING % SLOFE: 4 ASFECT: S 
DRAINAGE: WELL VEGETATION: FOREST 
COLLECTORS: SMECK/HALL/RIDDLE DATE: 7/30/76 


FARENT MATERIALS: WISCONSINAN LOESS» SILTSTONE 


HORIZON DEF TH 
IN 
All On=—T 
10YR4/2-SILT LOAMs STRONG FINE GRANULAR 
STRUCTURE’ VERY FRIABLE*’ MANY ROOTS? 
ABRUFT WAVY BOUNTIARY. 
Al2 1-7 
1OYR4/3-SILT LOAMs WEAK MEDIUM SUBANGULAR BLOCKY 
FARTING TO MODERATE MEDIUM GRANULAR STRUCTURE’ FRIABLE’ MANY ROOTS» 
CLEAR SMOOTH BOUNLIARY. 
Bl UN 
10OYR4/6-SILT LOAMs MODERATE FINE SUBANGULAR BLOCKY 
STRUCTURE* FRIABLEs’ COMMON ROOTS? 
CLEAR SMOOTH BOUNTIARY. 
B21T 12-16 
LOYR4/6-HEAVY SILT LOAMs MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURE’ FRIABLEs FEW ROOTS? 
THIN VERY FATCHY 10YR4/6 ARGILLANS ON FACESs 
9% COARSE FRAGMENTS’ CLEAR SMOOTH BOUNDARY. 
IITB22T 16-21 
10YR4/4-SILTY CLAY LOAMs MODERATE MEDIUM SURANGULAR BLOCKY 
STRUCTURE’ FRIABLEs’ FEW ROOTS? 
THIN FATCHY 10YR4/6 ARGILLANS ON FACESs 
MEDIUM CONTINUOUS 10YR4/6 ARGILLANS ON ROCK FRAGMENTS» 
12% COARSE FRAGMENTS» CLEAR WAVY BOUNTIARY. 
IIBST 21-33 
1OYRS/4-SILTY CLAY LOAMs WEAK MEDIUM SUBANGULAR BLOCKY STRUCTURE » 
THICK FATCHY 10YR4/6 ARGILLANS ON ROCK FRAGMENTS» 
55% COARSE FRAGMENTS’ ABRUFT WAVY BOUNTIARY. 


NOTE: BEDROCK IS SILT WITH SOME INTERBEDDED SANDSTONE. 
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Table A-2 (Cont'd). Description and Characterization Data 
for Westmoreland Silt Loam (Watershed C06) 


SOIL SERIES: WESTMORELAND! COUNTY? COSHOCTON 
SITE? CS-29 DATE: 7/30/76 
DEPTH HORIZON CO ---------PARTICLE SIZE DISTRIBUTION (%<2mm)-----~-- TEXT 
IN FRAG ----------- SANI--------- 9 ----- SILT----- --CLAY-- CLASS 
X>2mm VCeC M FI VFI TOT FI VF TOT FI TOT 
O- 1 All 3.7 167 O85 066 O67 “35S 25052 12.2576.9 “Aang 6 SIL 
1- 7 A12 2,3. 263 0.9 114152005 S408 HS6V6) 1404) B04 Sie 23.3014) 7 SIL 
7-12 B1 2.8'- 1.5 0.5° 0.7 3.8 415° 52.3 12.573. sue hone. SIL 
12-16 B21T 703 246) 004) O85 9427 (S626 48090126567. 0m C.7ee7.8 Ste 
16-21 IIB22T Bis2 663 007, 047 1.3 9.0 45.2 1409 Sout WO. Ges5 Gum olGn 
21-27 IIB3T 43.7, 10.0 1.0 1.0 0.9 12.9 41.8 16.9 47.0 9.3 40-1 SIC 
27-33 IIB3T 47.6 16.2 1.8 1.8 1.0 20.8 43.3 16.8 46.1 7.4 33.1 CL 
CDEPTH 0 -=-PH-=- ORG ------E@Q)%------  ----EXCH CATIONS MEQ/100s--- ASE 
IN WAT CaCl C CALC [BOLO CARE H Ca Me K SUM SAT+% 
O- 1 651 S55" 4590 1159 914 9 Qe Se ON7 1g 29e8 60 
1- 7 4.9 4.2 1.32 DIP” POPP OC Oe Ba eed 22 
7-12 5.1, 4.3 ©0.52 726” Sod* 00707 20m hl G 34 
12-16 4.8 4.1 0.39 Gur fide, yOse gO G27 ls oe 37 
16-21 4.8 4.2 0.33 10.5 6561 fees Ons ess 40 
21-27 4.9 4.2: 0.25 id 3920) 515.3. 10.48 ~2260 58 
27-33 4.9 4.5 0.33 7.3 8.9 3.2 0.48 19.9 63 
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Table A-3. Description and Characterization Data for Coshocton 
Silt Loam (Watershed C06) 
SOIL TYPE! COSHOCTON SILT LOAM COUNTY? COSHOCTON SITE? CS-30 


PEDON CLASSIFICATION: FINE LOAMY MIXED MESIC AQULTIC HAPLULIALF 
LOCATION: 1700 FT E AND 700 FT S OF NW CORNER SEC. 22 T.4N R.SW 


FPHYSIOGRAFHY: NOSESLOFE»s BACKSLOFE ELEVATION: 920 
TOFOGRAFHY: MODERATELY STEEF % SLOPE: 30 ASFECT: S 
DRAINAGE: MODERATELY WELL VEGETATION: FOREST 
COLLECTORS: SMECK/HALL/RIDDLE DATE: 7/30/76 


FARENT MATERIALS: COLLUVIUM,s SHALE 


HORIZON DEPTH 
IN 
Al 0-3 
10YR3/2-SILT LOAM’ STRONG FINE GRANULAR 
STRUCTURE*® VERY FRIABLE*® MANY ROOTS? 
ABRUFT SMOOTH BOUNDARY. 


10YRK6/3-SILT LOAMs MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURES’ FRIABLE$’ COMMON ROOTS$ 
10% COARSE FRAGMENTS’ CLEAR WAVY BOUNDARY. 
Bll 8 -14 
1O0YR6/4-SILTY CLAY LOAMs COMMON MEDIUM DISTINCT 7.5YR5/6 AND 
FEW MEDIUM FAINT 10YR6/1 MOTTLESs MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURE’ FRIABLE’ FEW ROOTSs 
6% COARSE FRAGMENTS’ CLEAR WAVY BOUNDARY. 
Bl2 14-18 
1OYR6/4-SILTY CLAY LOAMS COMMON MEDIUM DISTINCT 7.5YR5/6 AND 
COMMON MEDIUM FAINT 10YR6/1 MOTTLES# MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURE’ FRIABLEs FEW ROOTS> 
FEW 10YR2/1 FERRO-MANGANS ON FACESs 
CLEAR WAVY BOUNDARY. 
B21T 18-25 
10YR6/1-SILTY CLAY LOAMS COMMON MEDIUM DISTINCT 7.5YR5/6 MOTTLESS 
MODERATE MEIIIUM SUBANGULAR BLOCKY STRUCTURE’ FIRM’ FEW ROOTSS 
THIN FATCHY 2.5Y6/2 AKGILLANS ON FACES? 
6% COARSE FRAGMENTS» CLEAR WAVY BOUNDARY, 
B22T 29-31 
1OYR6/1-HEAVY SILTY CLAY LOAMs COMMON MEDIUM PISTINCT 7.5YR5/6 MOTTLESs 
MODERATE MEDIUM SUBANGULAR BLOCKY PARTING TO WEAK MELIUM 
FLATY STRUCTUREs FIRMs FEW ROOTS? 
THIN FATCHY 10YR6/1 ARGILLANS ON FACES? 
12% COARSE FRAGMENTS’ CLEAR WAVY BOUNDARY. 
RST 31-45 
LOYR6/3-HEAVY SILTY CLAY LOAMs MANY COARSE FAINT 10YR6/1 AND 
MANY COARSE DISTINCT 7.5YR5/6 MOTTLES*# WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURE’ FIRMs FEW ROOTS? 
THIN VERY PATCHY 2.5Y6/2 ARGILLANS ON FACESs 
45% COARSE FRAGMENTS’ CLEAR SMOOTH BOUNTIARY. 
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Table A-3 (Cont'd). 


SOIL SERIES: COSHOCTON 
SITE: CS-30 
DEFTH HORIZON co === 
IN ERAG SS ——— 
Ze 2mm VCeC 
= 3 Al 8.0 8.6 
3- 8 A2 19.4 12.4 
8-14 Bll 12.2 94 
14-18 B12 Tied 6.9 
feisty) sesh 1.6 3.3 
20=5) B22T 7+6 4.3 
31-38 K3T 14.1 10.4 
38-45 B3T 9.5 5+6 
45-S2 CR 16.2 3+6 
Je2—vo Ch 10.1 LOH 
398-65 CR 8.0 266 
65-71 CR VASE 2.9 
DEFTH SSSAnPeS  (UiRtE) 
IN WAT CaCl Cc 
O- 3 363 4.7 2.696 
bee 8 Dew 4.6 0.81 
8-14 4.7 4.1 0.49 
14-18 4.5 3.8 0.44 
Po=24 4,4 3.6 0.37 
29551 4.3 3.7 0.24 
31-38 4.5 3.7 0.20 
38-45 Beis se 8) Onl 6 
45-32 4.35 4.9 0.22 
I2—-358 4.7 4.2 0.21 
98-65 5-0 4-6 0.20 


Description and Characterization Data 
for Coshocton Silt Loam (Watershed C06) 


COUNTY: COSHOCTON 
DATE: 7/30/76 
PESOS FARTICLE SIZE DISTRIBUTION (%*2mm)-------- TEXT 
PROS SANT ae SSS (Ute oe (ee (PLS 
M Fr VFI TOT FI VF TOT ETS On 
769 12.8 4.69 34.2 33.2 11.1 48.6 3-3 17.2 L 
8.1 12.0 5.1 37.6 32.9 10.2 45.0 1.8 17.4 L 
4.5 7.3 4-8 26.0 36.7 11.8 48.9 Sigel sca! L 
3-6 5-6 5-6 21.7 35.6 11.5 48.9 721 29.4 CL 
1.5 2.8 3.0 12.6 36.2 12.7 51.1 10.8 36.3 SICE 
0.6 Pe2"ae7 FINS 3920 LS a7 eee 9.7 35.8 STG 
0.9 O.F 2.8 15.0 39.6 14.6 53.3 7+& 31.7 SICE 
0.6 1-3 6-6 14.1 42.1 14.7 54.8 6-6 31.1 SICL 
0.9 4.2 9.8 20.5 36.6 13.3 50.4 5306 29.1 CL 
0.3 O7F 2.3 5-0 53-2 16.9 65.5 54 29.5 SICL 
0.3 O.7 4-7 8.3 49.3 15.9 64.3 4.8 27.4 SICL 
0.6 1.5 8.8 13.8 43.5 14.3 599 4.6 26.3 SIL 
SEARS EQ»s%------ ----EXCH CATIONS MEQ/100g--- KASE 
CALC DOLO CARE H Ca Ag K SUM SAT#% 
SE SSS SR ie SSS Ee IR Se Si esis Ooo exe as ee i wo 
8.8 6.9 0.7 0.47 16.9 47 
5°35 2.9 0.6 0.25 9.9 41 
707 ied 0.5 0.18 10.6 27 
8.4 2.0 0.6 90.17 11.2 24 
9.6 1.9 1.2 0.36 13.1 26 
9.7 1.6 1.8 0.22 13.3 PLT 
9.6 1.5 Be See One nls G 29 
79 1.5 Zoic) Olas web acroil 34 
7.0 1.8 Sel  Oe2O mela et 42 
363 31 4.4 0.27 13.1 hes 
4.1 3.7 4.7 0.27 12.8 67 
4.1 4.3 Ae Oe) el Sie 68 
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Table A-4. 


Description and Characterization Data for Otwell 
Loam (Watershed C06) 


SOIL TYFE: OTWELL SILT LOAM COUNTY: COSHOCTON SITE? CS-31 
PEDON CLASSIFICATION: FINE-LOAMY MIXED MESIC AQUIC FRAGIUDALF 
LOCATION: 2200 FT E AND 1200 FT S OF NW CORNER SEC. 22 T.4N R.SW 


PHYSIOGRAFHY: SLACKWATER TERRACE ELEVATION: 860 
TOPOGRAFHY: STRONGLY SLOPING xX SLOFE: 21 ASPECT: WEST 
DRAINAGE: MODERATELY WELL VEGETATION: FOREST 
COLLECTORS: SMECK/HALL/RIDDLE DATE: 8/19/76 


PARENT MATERIALS? COLLUVIUMs WISCONSINAN LACUSTRINE 


HORIZON DEFTH 
IN 
AF 1 ORS 2 
10YR3/2-SILT LOAM$ MODERATE FINE GRANULAR 
STRUCTURES VERY FRIABLE# MANY ROOTS} 
8% COARSE FRAGMENTS$ CLEAR SMOOTH BOUNDARY. 
AP2 Pd EX) 
10YR4/3-SILT LOAM# MANY COARSE DISTINCT 10YR3/2 MOTTLES$ 
MODERATE MEDIUM SUBANGULAR BLOCKY PARTING TO MODERATE MELIIUM 
GRANULAR STRUCTURES FRIABLE# COMMON ROOTS?# 
8X COARSE FRAGMENTS$ CLEAR SMOOTH BOUNDARY. 
Bl 6 -12 
10YR4/6-SILT LOAM’ MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURE$ FRIABLES FEW ROOTS# 
3% COARSE FRAGMENTS# GRADUAL SMOOTH BOUNDARY. 
B21T 12-17 
1OYR4/6-HEAVY SILT LOAMS MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURES FRIABLEs FEW ROOTS$ 
THIN CONTINUOUS 10YR5/4 COATINGS ON FACES# 
CLEAR SMOOTH BOUNDARY. 
B22T 17-24 
1OYRS/4-HEAVY SILT LOAMS FEW FINE FAINT 10YR5/6 ANL 
FEW FINE FAINT 10YRS/2 MOTTLES$ WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURES FRIABLE’ FEW ROOTS$ 
THIN CONTINUOUS 10YRS/3 COATINGS ON FACES$ 
ABRUFT WAVY BOUNDARY. 
BX1 24-36 
10YR4/4-HEAVY LOAM’ STRONG COARSE PRISMATIC 
FARTING TO WEAK MEDIUM SUBANGULAR BLOCKY STRUCTURE’ VERY FIRM? 
THICK CONTINUOUS 10YR5/3 SILANS ON VERTICAL FACES$ 
THICK CONTINUOUS 10YRS/1 ARGILLANS ON FACES$ 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIX> 
CLEAR SMOOTH BOUNDARY. 
BX2 36-42 
10YR4/4-CLAY LOAM$ STRONG VERY COARSE FRISMATIC 
FARTING TO WEAK MEDIUM SUBANGULAR BLOCKY STRUCTURE#’ VERY FIRKMs 
THICK CONTINUOUS 10YR5/1 ARGILLANS ON FACES$ 
THICK CONTINUOUS 10YR5/6 IRON RICH ZONES SUBCUTANEOUSLY*s 
MANY 10YR2/1 CONCRETIONS IN THE MATRIXS 
CLEAR SMOOTH BOUNDARY. 
BX3 42-53 
10YR4/4-CLAY LOAM’ STRONG VERY COARSE PRISMATIC 
PARTING TO WEAK MEDIUM SUBANGULAR BLOCKY STRUCTURE’ VERY FIRMs 
THICK CONTINUOUS 10YRS/1 ARGILLANS ON FACES? 
THICK CONTINUOUS 10YRS/6 IKON RICH ZONES SUBCUTANEOUSLY s+ 
COMMON N2/0 CONCRETIONS IN THE MATRIX$ 
GRADUAL SMOOTH BOUNDARY. 
b31T 53-60 
10YRS/4-SILT LOAM# STRONG VERY COARSE FRISMATIC STRUCTURE’ FIRMs 
THICK CONTINUOUS 10YRS5/1 ARGILLANS ON FACES? 
THICK CONTINUOUS 10YR5/6 IRON RICH ZONES SUBCUTANEOUSLY% 
GRADUAL SMOOTH BOUNDARY. 
B32T 60-67 
10YR5/4-SILT LOAM$ STRONG VERY COARSE PRISMATIC STRUCTURE’ FIRMS 
THICK CONTINUOUS SYS/1 ARGILLANS ON FACES 
THICK CONTINUOUS 10YR5/6 IRON RICH ZONES SUBCUTANEOUSLY > 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIX% 
GRADUAL SMOOTH BOUNDARY. 
C1 67-75 
10YRS/4-HEAVY SILT LOAM# MASSIVEs FIRMS 
THICK CONTINUOUS SY5/1 ARGILLANS ON VERTICAL. FACES? 
THICK CONTINUOUS 10YR5/6 IRON RICH ZONES SUBCUTANEOUSLY s 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIX 


C2 75-86 
1OYR5S/4-HEAVY SILT LOAMs MASSIVEs FIRMS 


THICK CONTINUOUS 5Y5/1 ARGILLANS ON VERTICAL FACES; 
THICK “CONTINUOUS 10YR5/6 IRON RICH ZONES SUBCUTANEOUSLY? 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIX 


C3 86-144 F 
10YR6/2-SILT LOAM$ MANY COARSE FROMINANT 7.SYR5/8 MOTTLES# 


MASSIVE’ FRIABLES 
FEW 10YR2/1 FERRO-MANGANS IN THE MATRIX 
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Table A-4 (Cont'd). Description and Characterization Data 
for Otwell Silt Loam (Watershed C06) 


SOIL SERIES: OTWELL COUNTY: COSHOCTON 

SITE: CS-31 DATE: 8/19/76 

DEFTH HORIZON CO --------- PARTICLE SIZE DISTRIBUTION (%<2mm)-~------ TEXT 
IN FRAG ----------- SAND--------- 9 ----- SILT----- --CLAY-- CLASS 


X>2mm VC%C M FI VFI TOT FI VF TOT eek ULB 


me ce ce ce ce ce eee ee ee ee ee ee ee ee ea ee ee ee a ee ew ee eS ee ee ee eee 


O- 2 AF 1 707 5-2 3.1 6-0 3.7 18.0 41.8 14.1 59.2 sig aerate) SIt. 
2- 6 AF2 6.7 5e7 365 700 467 20.9 46464 15-6 59.9 ie SUELU aie SIL 
6-12 Bl 2-6 66-2 3.9 6.8 463 21.2 42.9 13.2 55.3 See 2505 SIL. 
12-17 B21T 0.9 6-4 4.3 6.5 3.9 21.1 39.1 10.3 53.0 6. OM 2a Sire 
17-24 B22T 1.4 4.6 3.2.5.5 3.7 17.0 38.4 10.8 57.6 8.4 25-4 SIL 
24-30 BX1 1.0 3.6 3.8 8.5 6.4 22.3 32.2 9.2 52.6 10.7 25.1 SIL 
30-36 BX1 0.7 3.0 3.8 8.8 6.6 22.2 29.9 7.7 51.0 13.1 26.8 SIL 
36-42 BX2 1.2 4.2 5.0 9.2 5.9 24.3 29.8 6.8 48.9 11.9 26.8 L 
42-48 BX3 0.5 2.0 2.2 4.64 4.5 13.1 37.6 9.8 57.7 12.9 29.2 SIGE 
48-53 BX3 0.4 2.3 1.8 3.6 4.4 12.1 37.7 10.0 58.3 12-6 29.6 SICL. 
53-60 B31T 0.2 1.0 0.7 1.7 3.5 6.9 41.0 9.0 66.3 12.4 26.8 SLE 
60-67 B32T 0.0 1.1 1.3 3.0 4.8 10.2 37.2 7.2 65.1 10.7 24.7 SIl 
67-75 Ci 0.2 1.4 1.9 3.2 34.7 10.2 40.6 8.4 65.1 10.4 24,7 SIL 
75-86 C2 0.2 1.2 1.2 2.4 463 9-61 39.7 8.4 66-6 11.4 24.3 SIL 
DEPTH Seige (Wf) ec EQ: X—---—-- ----EXCH CATIONS MEQ/100s--~- BASE 
IN WAT CaCl C CALC DOLO CARE H Ca Ms K SUM SAT#% 
O- 2 9e7 Se3 4.657 12.6 9.0 2.3 0.53 24.4 48 
Lo 4.9 4.2 1.31 10.4 1.0 One Oe 2a ele ar 14 
6-12 4.9 4.4 0.67 9.4 1.2 0.7 0.22 elierc) 18 
12-17 4.7 4.2 0.36 wor 1.1 0.8 0.22 11.8 157, 
17-24 4.8 4.1 0.29 10.9 1.2 1297 0. 25) 1366 19 
24-30 4.8 4.1 0.25 10.8 1.5 Q.5 O25 13661 107, 
30-36 53°09 4.62 0.27 10.3 2-4 0.8 0.30 13.8 Ase 
36-42 4.8 4.2 0.30 Tak 3.2 oO Waele  aleigz 33 
42-48 Se2 4.65 0.37 8.0 4.7 1.3 0.38 14.4 44 
48-53 504 4.69 0.49 6.3 6-7 WAS) MOGs — RLUGLY 69 
33-60 666 369 0.46 3.3 8.5 8.2 0.37 20.4 83 
60-67 609 6.63 0.39 Bo el9, 75 705 0-436 17.44 88 
67-75 66-5 6-1 0.30 1.6 7+6 Ute) Mock Bh 7 ool 90 
75-86 6.9 6.4 0.28 1.5 707 76 0.36 WH 91 
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Table A-5. Description and Characterization Data for Coshocton 
Silt Loam (Watershed C06) 


SOIL TYFE: COSHOCTON SILT LOAM COUNTY: COSHOCTON SITE? CS-32 
PEDON CLASSIFICATION: FINE LOAMY MIXED MESIC AQUIC HAFPLUDALF. 
LOCATION: 1400FT E ANI 1200FT S OF NW CORNER SEC. 22 T.4N R.SW 


PHYSIOGRAF HY: KENCH ELEVATION: 900’ 
TOFOGRAFHY: MODERATELY SLOFING % SLOFE: 7 ASFECT: EAST 
DRAINAGE: SOMEWHAT FOORLY VEGETATION! FOREST 
COLLECTORS: SMECK/HALL/RIDDLE DATE: 8/26/76 


FARENT MATERIALS! COLLUVIUM 


HORIZON - DEFTH 
IN 
AFL 0 -6 
1OYR3/2-SILT LOAM$ MODERATE MEDIUM GRANULAR 
STRUCTURES FRIABLE$ MANY FINE ROOTS# 
5% COARSE FRAGMENTS$ CLEAR SMOOTH BOUNDARY. 
AF? 6-9 
10YR5/2-SILT LOAM$ COMMON FINE DISTINCT 7.S5YR5/& MOTTLES? 
WEAK MEIIIUM SUBANGULAR BLOCKY STRUCTURES FRIABLE’ MANY FINE ROOTS# 
FEW 7.5YR5/8 CONCRETIONS IN THE MATRIX 
5% COARSE FRAGMENTS# CLEAR WAVY BOUNIIARY. 
Bil 9 -14 
10YR6/3-SILT LOAM$ FEW FINE FAINT 10YR5S/6 MOTTLES# 
WEAK FINE SUBANGULAR BLOCKY STRUCTURES FRIABLE$ FEW FINE ROOTS 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIXS 
16% COARSE FRAGMENTS$ GRADUAL SMOOTH BOUNDARY. 
B12T 14-21 
10YR6/2-CLAY LOAM$ MANY MEDIUM DISTINCT 10YR5/6 ANI! 
COMMON FINE PROMINANT 7.5YR5/8 MOTTLES$ MODERATE FINE SUBANGULAR BLOCKY 
STRUCTURES FIRM$ FEW FINE ROOTSS 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIXS 
THIN PATCHY 10YR6/2 ARGILLANS ON FACESS 
16% COARSE FRAGMENTS# GRADUAL WAVY BOUNDARY. 
B21T 21-30 
10YRS/6-CLAY LOAMs MANY MEDIUM DISTINCT 7.5YK4/4 ANI 
MANY MEDIUM FAINT 7.SYR5/6 MOTTLES$ MODERATE MELIIUM SUBANGULAR BLOCKY 
STRUCTURE FIRM’ FEW FINE ROOTS 
MANY 10YR2/1 CONCRETIONS IN THE MATRIX# 
THICK CONTINUOUS 10YR6/1 ARGILLANS ON FACESS 
25% COARSE FRAGMENTS# GRADUAL WAVY BOUNDARY. 
B22T 30-36 
10YRS/6-CLAY LOAM$ COMMON MEDIUM FAINT 7.5YR5/6 MOTTLES# 
WEAK MEDIUM PLATY PARTING TO MODERATE MEDIUM 
SUBANGULAK BLOCKY STRUCTURES FIRM$ FEW ROOTS? 
THICK FATCHY 10YR6/1 ARGILLANS ON HORIZONTAL FACES} 
THICK FATCHY 7.5YR5/1 ARGILLANS ON HORIZONTAL FACES} 
20% COARSE FRAGMENTS#$ GRADUAL WAVY BOUNDARY. 
B31T 36-42 
10YRS/6-SILT LOAM$ COMMON MEDIUM DISTINCT 7.5YR5/4 MOTTLES# 
WEAK COARSE SUBANGULAR BLOCKY STRUCTUREs FIRMS 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIX$ 
THICK CONTINUOUS 10YR5/1 ARGILLANS ON FACES} 
15% COARSE FRAGMENTS GRADUAL WAVY BOUNDARY. 
E32T 42-48 
10YR5/4-SILT LOAM# COMMON MEDIUM DISTINCT 7.5YRS/6 MOTTLES$ 
WEAK COARSE PLATY STRUCTURE’ FIRM# 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIX# 
THIN PATCHY 10YR5/1 ARGILLANS ON FACES; 
THIN FATCHY 10YR6/1 ARGILLANS ON VERTICAL FACES 
GRADUAL WAVY BOUNTIARY. 
C1 48-58 
LOYR5/4-SILT LOAM$ COMMON MELIIUM DISTINCT 7.5YRS/6 MOTTLES# 
WEAK COARSE PLATY STRUCTURES FIRM? 
FEW 10YR2/1 CONCRETIONS IN THE MATRIX} 
THIN VERY FATCHY 10YR6/1 ARGILLANS ON VERTICAL FACES} 
GRADUAL WAVY BOUNDARY. 
cz 58-64 
10YRS/4-SILT LOAM$ MASSIVE 


C3 64-72 
10YRS/4-SILT LOAM’ MASSIVEs FIRM? 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIXS 
THIN VERY PATCHY 10YR6/1 ARGILLANS ON VERTICAL FACES 
MEDIUM CONTINUOUS 7.5YR5/6 IRON RICH ZONES SUBCUTANEOUSLY *> 
10% COARSE FRAGMENTS 
C4 72-78 
10YRS/4-SILT LOAM$S MASSIVEs FIRMs 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIX? 
THIN VERY FATCHY 10YR6/1 ARGILLANS ON VERTICAL FACES» 
MEDIUM CONTINUOUS 7.S5YR5/6 IRON RICH ZONES SURCUTANEOUSLY >» 
10% COARSE FRAGMENTS 
CS 78-89 
10YR5S/4-SILT LOAM$ MANY MELIIIUM DISTINCT 7.5YRS/6 AND 
MANY MELIUM DISTINCT 10YR6/1 MOTTLESs MASSIVE? 
FIRM?s 
COMMON 10YR2/1 CONCRETIONS IN THE MATRIX? 
THIN VERY FATCHY 10YR6/1 COATINGS ON HORIZONTAL FACES 
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Table A-5 (Cont' 


dj 


SOIL SERIES: COSHOCTON 


SITE: CS-32 


Description and Characterization Data 
for Coshocton Silt Loam (Watershed C06) 


COUNTY: COSHOCTON 
DATE: 8/26/76 


IN FRAG 


TE 


a a ww ww a a a ee a ee a ee ee 


we ee a i a ee a a a a a i ea ee oe 


DEFTH ---PH--- 
IN WAT CaCl 


36-42 6-4 
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NNN QO O&® 


wees PARTICLE SIZE DISTRIBUTION (%<2mm)------~- 
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ET OFT Storm ere tupmeroT FL) Tor 
1.5603. 612014509 40.14) 915 6 eo 
3.78.0) 650.32. 9904073 414598016 9 360-1702 
3.9 68,6195 6 26.5 3s eee Oo SONem 4.58207 
4:6 14.6 505 33-2 29.0 8.1 44.0 6.9 22.8 
3.5.1: 7o1516.5021.4 51.6) 7 Beet. ott 6 270 
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M3 FUG 8 O00" 30. ci MORTON She Sseann Na, 0n1e.s 
4.59 .8.00°9 6935.3.) 25.1 7.6 ase 542 
POPE GARR TRAY br LPR INC? Vue ol MOLE 
46S) 7.87 86.0 2700le35ce. Bedesss 0 as nierO 
6.2 1009 6.0 3665 29:7 746°40,0 1466 15.5 
605 13.4 600839, 1 DON aes, 6 163.6141 
4.1. 701) Schl 25.) 3508 10.5 57 5.0 17 ks 

2 2eeee EQe%------  ----EXCH CATIONS MEQ/100s--- 
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fable A-6. Description and Characterization Data for Lowell 


Silt Loam (Watershed M09) 


SOIL TYPES LOWELL SILT LOAM COUNTY! MUSKINGUM SITE! MS-11 
PEDON CLASSIFICATION: FINE MIXED MESIC TYPIC HAPLUDALFS 
LOCATION: 700.FT.S.AND. 700.FT.W.OF.NE.CORNER SEC. 17 T.12N R.11W 


PHYSIOGRAPHY! SIDESLOPE, BACKSLOPE ELEVATION: 1090 
TOPOGRAPHY: MODERATELY STEEP % SLOPE: ASPECT: E 
DRAINAGE: WELL VEGETATION: WEEDS 
COLLECTORS: SMECK/HALL/RIDDLE DATE! 2/77 


PARENT MATERIALS! COLLUVIUM, SHALE 


HORIZON DEPTH 


AP 


Bi 


B21T 


B22T 


B3T 


Ci 


C2 


c3 


IN 
0 -6 
10YRS/2-SILT LOAMS WEAK MEDIUM GRANULAR 
STRUCTURE’ FRIABLEs FEW ROOTS: 
CLEAR SMOOTH BOUNDARY. 
6 -11 
10YRS/3-SILT LOAM: MANY COARSE FAINT 10YRS/4 MOTTLESs 
MODERATE FINE SUBANGULAR BLOCKY STRUCTURES FRIABLE!t FEW ROOTS: 
GRADUAL SMOOTH BOUNDARY. 
11-15 
10YRS/4-SILTY CLAY LOAM: STRONG MEDIUM SUBANGULAR BLOCKY 
STRUCTURE’ FIRM’ FEW ROOTS! 
THIN PATCHY 10YRS/4 ARGILLANS ON FACES! 
CLEAR SMOOTH BOUNDARY. 
15-22 
7.SYRS/4—-HEAVY SILTY CLAY LOAM: MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURE’ FIRMs FEW ROOTS? 
MEDIUM CONTINUOUS SYR4/3 ARGILLANS ON FACES: 
CLEAR SMOOTH BOUNDARY. 
22-28 
7.SYR4/4-LIGHT SILTY CLAY: MANY COARSE DISTINCT SYR4/3 AND 
MANY COARSE DISTINCT 10YRS/3 MOTTLES! WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURE’ FIRMS 
THICK CONTINUOUS SYR4/3 ARGILLANS ON VERTICAL FACES: 


Cc 2.-S5Y6/2 MOTTLES IN THE MATRIXS 
CLE SMOOTH BOUNDARY. 
28-37 


10YRS/4—-HEAVY SILTY CLAY LOAM: MANY COARSE DISTINCT SY6/3 MOTTLES! 
MASSIVES FIRM} 
GRADUAL SMOOTH BOUNDARY. 
37-46 
2.5Y5/4-SILTY CLAY LOAMs MANY COARSE DISTINCT 10YR4/4 AND 
COMMON COARSE FAINT 2.5Y6/2 MOTTLES’ MASSIVES 
FRIABLEs 
GRADUAL SMOOTH BOUNDARY. 
46-54 
SYR3/3-SILTY CLAY’ COMMON COARSE PROMINANT 10YR6/2 MOTTLES: 
MASSIVEs FIRMS 


NOTE: COLLUVIUM CONTAINS A LOESS COMPONENT. 
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Table A-6 (Cont'd). Description and Characterization Data 
for Lowell Silt Loam (Watershed MO9) 


SOIL SERIES! LOWELL COUNTY! MUSKINGUM 

SITE! MS-11 DATE! 2/77 

DEPTH HORIZON CO  -------- -PARTICLE SIZE DISTRIBUTION (%<2mm)-------- TEXT 
IN FRAG ----------- SAND---------  ----- SILT----- --CLAY-- CLASS 


%>2mm = VCC M FI VFI. TOT FI VF TOT FI TOT 


O- 6 AP 7.4 7.7 2.1 4.4 7.8 22.0 45.0 15.1 61.4 2.7 16.6 SIL 
6-11 Bi 13.6 5.5 1.4 3.6 6819.5 41.2 14.4 59.8 3.9 20.7 SIL 
11-15 B21T 1.7 1.9 0.3 0.9 4.0 7.1 44.4 14.9 36.7 11.2 34.2 SICL 
15-22 B22T 4.5 2.6 0.5 0.6 0.6 4.3 45.4 23.0 46.2 16.9 47.5 sIc 
22-28 B3T 0.006 60.8 0.6 1.5 2.0 4.9 38.0 16.2 43.90 22.0 32.1 sic 
28-37 Cl 0.0 0.3 0.2 0.6 1.1 2.2 45.4 16.7 S1.2 16.2 46.6 sic 
37-46 C2 0.0 0.1 0.1 0.7 1.5 2.4 40.5 15.9 50.3 16.3 47.3 sic 
46-54 C3 0.0 0.3 0.2 0.1 0.4 1.0 40.5 12.7 48.0 16.4 51.0 SIc 
“DEPTH —--PH=-- ORG ------EQ.%------ ----EXCH CATIONS MEQ/100s--- BASE 
IN WAT Cac] Cc CALC DOLO CARB H Ca Me K - SUM SAT.% 
O- 6 4.4 4.2 1.03 9.9 2.0 0.4 0.45 12.8 22 
6-11 4.6 4.2 0.59 8.6 3.4 1.0 0.27 13.3 35 
11-15 4.8 4.1 0.26 14.7 6.0 1.9 0.33 22.9 35 
15-22 4.6 4.4 0.23 16.3 11.7 3.4 0.49 33.9 46 
22-28 4.4 4.1 0.24 20.3 13.7 3.6 0.54 38.1 46 
28-37 4.9 4.4 0.20 15.2 16.6 3.8 0.56 36.2 S37 
37-46 4.4 4.3 0.14 12.9 20.7 4.1 0.60 38.3 66 
46-54 Vee Tot 2.9 2.3 5.4 
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Table A-7. Description and Characterization Data for Upshur 
Silt Loam (Watershed M09) 


SOIL TYPE? UPSHUR SILT LOAM COUNTY? MUSKINGUM SITE! MS-12 
PEDON CLASSIFICATION: FINE MIXED MESIC TYPIC HAPLUDALFS 
LOCATION: 900.FT.S.AND. 700.FT.W.OF.NE.CORNER SEC. 17 T.12N R.11W 


PHYSIOGRAPHY! NOSESLOPE, BACKSLOPE ELEVATION! 1070.FT. 
TOPOGRAPHY: MODERATELY STEEP % SLOPE? ASPECT: SW 
DRAINAGE: WELL. VEGETATION: WEEDS 
COLLECTORS: SMECK/HALL/RIDDLE DATE: 2/77 


PARENT MATERIALS! SHALE 


HORIZON DEPTH 
IN 
AP 0 -5 
1OYR4/3-HEAVY SILT LOAMS WEAK MEDIUM GRANULAR 
STRUCTURE’ COMMON ROOTS: 
CLEAR SMOOTH BOUNDARY. 
BiT Ss -8 
10YR4/4-SILTY CLAY LOAM! MODERATE FINE SUBANGULAR BLOCKY 
STRUCTURE’ FEW ROOTS! 
THIN VERY PATCHY 10YR4/4 ARGILLANS ON FACES: 
CLEAR SMOOTH BOUNDARY. 
B2iT 8 -13 
SYR4/3-CLAY! STRONG FINE SUBANGULAR BLOCKY 
STRUCTURES FEW ROOTS! 
MEDIUM VERY PATCHY SYR4/4 ARGILLANS ON FACES: 
COMMON 2.5Y5/4 ROCK GHOSTS IN THE MATRIX! 
CLEAR SMOOTH BOUNDARY. 
B22T 13-18 
SYR4/3-CLAY! MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURES FEW ROOTS?) 
MEDIUM CONTINUOUS SYR4/4 ARGILLANS ON FACES: 
COMMON 2.5Y5/4 ROCK GHOSTS IN THE MATRIX! 
GRADUAL SMOOTH BOUNDARY. 
B31iT 18-23 
7.5YR4/4-CLAY3 COMMON MEDIUM DISTINCT 2.5Y5/4 MOTTLESSs 
WEAK MEDIUM SUBANGULAR BLOCKY STRUCTURES FEW ROOTS! 
THICK VERY PATCHY SYR4/4 ARGILLANS ON FACES? 
ABRUPT SMOOTH BOUNDARY. 
B32T 23-27 
2. 5YS/4-CLAYs COMMON FINE PROMINANT 7.S5Y5/6 MOTTLES! 
WEAK MEDIUM SUBANGULAR BLOCKY STRUCTURES FEW ROOTS! 
THICK VERY PATCHY 2.5Y3/2 ARGILLANS ON FACES! 
THICK PATCHY SYR3/4 COATINGS ON FACES: 
ABRUPT SMOOTH BOUNDARY. 
C1 27-35 
2.SY6/4-SILTY CLAY LOAMS MASSIVES 
FEW ROOTS! 
THICK PATCHY 7.S5YRS5/4 COATINGS ON FACES? 
DIFUSE SMOOTH BOUNDARY. 
C2 33-42 
SY6/3-SILTY CLAY LOAM: MASSIVEs 
THICK PATCHY 7.SYRS/4 COATINGS ON FACES! 
ABRUPT SMOOTH BOUNDARY. 
C3 42-48 
2.5Y6/2-SILTY CLAY LOAM: MASSIVE?! 
THICK PATCHY 7.SYR4/4 COATINGS ON FACES! 
ABRUPT SMOOTH BOUNDARY. 
C4 46-34 
2. 5Y6/2-CLAY LOAM: MASSIVE 
THICK PATCHY 7.35VYR4/4 COATINGS ON FACES: 
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Table A-7 (Cont'd). Description and Characterization Data 
for Upshur Silt Loam (Watershed M09) 


SOIL SERIES: UPSHUR COUNTY: MUSKINGUM 
SITE: MS-12 DATE’ 2/77 
DEPTH HORIZON CO ---------PARTICLE SIZE DISTRIBUTION (%<¢2mm)-------- TEXT 
IN ANNES)  SSeSemoaec SAND = 5S aa aciennneoaonen eee Silt --=-— --CLAY-- CLASS 
Z>2mm = =4VC1C M FI VFI TOT FI VF TOT FI TOT 
O- 3 AP 1.0 3.90 0.5 0.6 1.3 5.4 30.8 15.7 67.0 7.3 27.6 SICL 
S- 8 BIT 0.0 1.1 0.3 0.6 1.1 3.1 50.8 17.5 61.9 10.6 35.0 SICL 
8-13 B2iT 0.0 0.7 0.3 0.5 0.4 1.9 46.7 17.2 51.0 19.2 47.1 sic 
13-18 B22T 0.0 0.6 0.3 0.6 0.6 2.1 37.4 14.5 42.2 26.3 35.7 sic 
18-23 B31T 0.0 0.3 90.5 1.5 1.0 3.3 27.2 12.7 32.5 31.5 64.2 Cc 
23-27 B32T 0.0 0.1 0.2 0.8 1.1 2.2 40.3 18.2 45.7 19.4 52.1 SIc 
27-35 C1 0.0 1.2 0.1 0.1 0.6 2.0 66.3 13.9 71.8 10.1 26.2 SIL 
35-42 C2 0.0 2.1 0.3 0.3 1.5 4.2 65.5 17.3 69.5 8.0 26.3 SIL 
42-43 C3 0.0 0.2 0.1 0.5 1.4 2.2 41.0 20.9 43.8 15.6 354.0 SIC 
48-54 C4 0.3 1.4 0.2 0.6 0.9 3.1 60.9 31.4 62.9 7-1 34.0 SICcl 
“DEPTH = ---PH--- ORG ------EQ,%------  ----EXCH CATIONS MEQ/100s--- BASE _ 
IN WAT Cac) Cc CALC DOLO CARB H Ca Me K SUM SAT»% 
0-5 5.9 4.6 1.67 11.8 9.5 1.6 0.63 23.5 49 
S- 8 5.1 4.6 0.82 11.6 14.1 1.9 0.44 26.2 58 
8-13 4.8 4.5 0.46 13.9 17.0 2.5 0.55 34.0 S? 
13-18 4.7 4.5 0.37 16.5 21.6 2.4 0.66 41.2 Ss? 
18-23 4.9 4.7 0.27 16.2 29.8 3.1 0.85 50.0 67 
23-27 5.5. 5.4 0.21 8.4 30.9 4.1 0.61 44.0 80 
27-35 5.5 5.4 0.14 6.90 19.8 2.4 0.33 28.5 78 
35-42 5.4 5.2 0.12 5.4 21.8 2.3 0.33 29.8 61 
42-48 6.8 6.3 0.32 2.9 36.4 2.4 0.55 42.3 93 
48-54 7.4 6.8 23.1 0.5 23.6 
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Table A-8. 


Silt Loam (Watershed M09) 


SOIL TYFE WESTMORE SILT LOAM COUNTY: MUSKINGUM SITE? 
PELIION CLASSIFICATION? FINE SILTY MIXED MESIC TYPIC HAPLUDALFS 
LOCATION: 1300 FT S ANDI 800 FT W OF NE CORNER. SEC. 17 T.12N R.11W 


FHYSIOGRAFHY: NOSESLOFE»s FOOTSLOFE ELEVATION: 1010 FT. 
TOPOGRAFHY: MODERATELY SLOPING x SLOPE: ASFECT: SW 
DRAINAGE: WELL VEGETATION: WEEDS 
COLLECTORS? SMECK/HALL/RIDDLE DATE’ 2/77 


FARENT MATERIALS: WISCONSINAN LOESS» COLLUVIUM 


“HORIZON DEF TH 
IN 
AF O03 
10YR4/2-SILT LOAMs MANY MEDIUM DISTINCT 10YR5S/4 MOTTLES$ 
WEAK MEDIUM GRANULAR STRUCTURE’ COMMON ROOTS$ 
CLEAR SMOOTH BOUNDARY. 
Bl 3 -8 
1OYRS/4-SILT LOAM’ WEAK FINE SUBANGULAR BLOCKY 
STRUCTURE’ FEW ROOTSS 
CLEAR SMOOTH BOUNDARY. 
B21T 8 -14 


Description and Characterization Data for Westmoreland 


1OYRS/4-LIGHT SILTY CLAY LOAMs MODERATE MEDIUM SUBANGULAR BLOCKY 


STRUCTUREs FEW ROOTSS 
MEDIUM VERY FATCHY 10YR5/4 ARGILLANS ON FACES$ 
CLEAR SMOOTH BOUNTIARY. 
B22T 14-20 
1OYRS/4-SILTY CLAY LOAM MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTUREs’ FEW ROOTS» 
MEDIUM VERY FATCHY 10YRS5S/4 ARGILLANS ON FACES$ 
CLEAR SMOOTH BOUNTIARY. 
B235T 20-28 
10YRS/4-LIGHT CLAY LOAMs FEW COARSE FAINT 10YRS/6 MOTTLESs 
WEAK MEDIUM SUBANGULAR BLOCKY STRUCTURE’ FEW ROOTS$ 
THIN VERY FATCHY 10YR5/4 ARGILLANS ON FACES$ 
CLEAR WAVY BOUNDARY. 
B24T 28-34 
10YRS/4-LIGHT SILTY CLAY LOAMs FEW FINE FAINT 10YRS/6 AND 
FEW FINE FAINT 10YR6/2 MOTTLES’ WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTUREs FEW ROOTS> 
THIN VERY FATCHY 10YR5/4 ARGILLANS ON FACESs 
CLEAK SMOOTH BOUNDARY. 
B31 34-42 
10YRS/4-SILT LOAMs FEW FINE FAINT 10YRS/6 AND 
FEW FINE FAINT 10YR6/2 MOTTLESs WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURE + 
CLEAR SMOOTH BOUNDARY. 
B32 42-48 
10YRS/4-SILTY CLAY LOAM’ FEW FINE FAINT 10YRS/6 AND 


FEW MEDIUM FAINT 10YR6/2 MOTTLES$ WEAK MEDIUM SUBANGULAR BLOCKY 


STRUCTURE 
CLEAR SMOOTH BOUNDARY. 
C 48-60 
1OYRS/4-SILTY CLAY LOAM FEW FINE FAINT 10YR5/6 AND 
FEW MEDIUM FAINT 10YR6/2 MOTTLESs MASSIVE 
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Table A-8 (Cont'd). Description and Characterization Data 


for Westmoreland Silt Loam (Watershed M09) 


SOIL SERIES: WESTMORE COUNTY: MUSKINGUM 

SITE: MS-13 DATE’ 2/77 

BEF TH HORIZON CO PARTICLE SIZE DISTRIBUTION (42mm) -------- 
IN AURALE! — CROCCO ROS SON a eb foro --CLAY-- 


%>2mm VC9C M FI VFI TOT FI VF TOT FI TOT 


ee ew ew ew we ew ee ew we we we wm ee Oe we ww Om me mm wm wm ew ew em wm Oe we OO ew wm ew OO Oe ww ew we we ewe ew ew ee ee ee ee ee 


O- 3 AF 0.0 2-3 1-4 1.1 1.0 5.8 49.8 11.5 73.8 4.9 20.4 
3- 8 Bl 0.0 2.90 1.3 1.0 1.5 5.8 48.5 8.6 67.7 9.2 26.5 
8-14 B21T 0.0 Sel 3-0 2.3 263 12.7 39,5 962 59.9 11.2 27.4 
14-20 B22T 0.0 20-2 1.65 1-62 1.3 6.2 43.0 963 62.6 15.2 31.2 
20-28 B23T 0.0 Vee WEI F269 “WSFA 1V6.19 SS 2098 Sie 2a Jew losdacoee 
28-34 B24T 0.0 0.7 065 0.5 1-63 3.0 42.67 7.5 67.0 17.3 30.0 
34-42 B31 0.0 1.5 1.0 0.9 1.6 5.0 42.9 8.7 65.6 13.5 29.4 
42-48 B32 0.0 1.3 0.8 0.5 1-63 3-6-9 4666 11.7 64.5 15.3 31.6 
48-60 C 0.0 0.8 0-6 O65 1462 3.1 4767 9.65 69.5 13.7 27.4 
“DEPTH | =S=eH-== ORG "see Gy xo ERC CANIGNGEMEG/]00ae =o 
IN WAT CaCl Cc CALC DOLO CARE H Ca Ms K SUM 
O- 3 4.8 4.3 2.88 17.5 3.8 1.3 0.93 23.5 
3- 8 4.6 4.0 0.68 12.8 3.0 14:2 0.39 17.4 
8-14 4.7 4.1 0.37 12.0 36 1.7 0.30 17.6 
14-20 4.7 4.2 0.22 11.9 306 3.0 0.30 20.8 
20-28 4.8 4.3 0.12 10.3 6.4 3.5 0.25 20.5 
28-34 4.8 4.3 0.14 10.8 6.9 4.2 0.30 22.2 
534-42 4.9 4.4 0.15 9.0 75 4.6 0.29 21.4 
42-48 Sel 4.67 0.14 75 9.8 6.2 0.33 23.8 
48-60 9°6 Se2 0.12 9-2 9.4 6-1 0.26 21.0 
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TEXT 
CLASS 


Table A-9. Description and Characterization Data for Licking 
Silt Loam (Watershed M09) 


COUNTY: MUSK INGUM SITE! MS-14 
ED. MESIC AQUIC. HAPLUD ALFS. 
W.OF.NE.CORNER. SEC. 17 TZN Red tW 


% SLOPE: Ses 


f—- 
+ 
a< 


DIDIAIIMS 
De nas 
o£ 
me 5 
rm 


De DD<A0- 
Mr-HouD 
“Far D AZ 


WAT VMN 


HORIZON DEPTH 
IN 


AP oO -6 
i WEAK MEDIUM GRANULAR 
"OMMON ROOTS 


B1T 
SLES ee GS SUBANGULAR BLOCKY 
REs aad § ean 


ROO 
RY FA TOYRa74 ARGILLANS CGN FACES$ 
MOCTH BOUNDARY. 
7] 


/4-LIGHT_SILTY Baave oon MODERATE FINE SUBANGULAR BLOCKY 
FRIABLE$ FEW ROOT 

10YR4/4 ARGILLANS. ON FACES: 
A BOUNDARY. 


-SILTY CLAY Gros MODERATE MEDIUM SUBANGULAR BLOCKY 
FIRM: FEW ROO 

LAN Sa ARGICLANS ON FACES 

Pecorce IONS IN THE MATRIX3 

GUNDIARY. 


COMMON. FINE FAINT 1OYRS AND 
10YRS/2 MOTTLESs WEAK: MEDIUM SUBANGULAR BLOCKY 


T 
THY 7.5YR4/4 ARGILLANS ON FACES: 


Cine 
ale ban) 
— 


6 
Y 
ul 
E 

S 

Bz1T 12 
OvR 
u 
Par 

B22T 15 

VR 


= 
= 
on3aco 


CZ<Nm<yDi 


FrmxmH 
MED 
Hl DNOMA! SAMs 1 ¢ 


ve IN. he ON WON T~e Ne. ee eo 


rmam 


-CLAY LOAM: COMMON MEDIUM FAINT 10YR5/6 AND 
eartraia 10YRS/2 MOTTLESs WEAK FINE SUBANGULAR BLOCKY 


ERY FATCHY 10YR4/4 ARGILLANS GON FACES$ 
TovRe/ 2 FERRO-MANGANS ON FACESS 
Net eey BOUNDARY. 


33— 
10YRS/4-CLAY$ COMMON MEDIUM FAINT 10YRS/6é AND 
STRUCTURE s Prey ch Z2.3YS/2 MOTTLES$ WEAK FINE SUBANGULAR BLOCKY 
3 
AY VERY FATCHY 10YR4/4 ARGILLANS GON FACES: 
MAN 1OYR2/1 FERRO-MANGANS ON FACES; 
ABRUPT WAVY BCLINDARY. 
IITB32T 41-48 
DOMINIO Ta nahie Beats LGAM Borne MEDILIM FAINT 10YRS/64 Bey 
FEW MEDIUM DISTIN 2 ISYS/2. OTTLESs WEAK MEDIUM SUBANGULAR BLOCKY 
STRUCTURES FIRM; 
THIN VERY PATCHY 10YR4/4 ARGILLANS ON FACES$ 
aes 10YR2/1 FERRO-MANGANS ON FACES 
LEAR SMOQTH BOUNDARY. 
LIB33T 43 oe 


cn 


=Z<HM 
<RADRS< DANS SHAD HOE ADS 


DAAWON AOBON Aonsw 
mEANIS 


mDmMAM 


a oeoe 


is 


“QARSE DISTINCT 10YRS/é AND 
S3_ WEAK MEDIUM PLATY 
STRUCTURE § FIRM; 


2.5 Byes a-SILTY CLAY pay. Sony COARSE elon Net 10YRS/é AND 


GN COARSE DISTINCT ; 6/2 MOTTLES$ MASSI 


NOTE: 
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SOIL $ 
SITE: 


—— a a a we a ee a a a a a we we 


Table A-9 (Cont'd). 


ERIESs LICKING 
MS-14 


HORIZON co 
FRAG 
%>2mm 
AP 0.0 
B1iT 0.0 
B21T 0.0 
B22T 0.0 
11B23T 0.0 
IIB24T 0.0 
IIB31T 0.0 
IIB32T 0.0 
IIB33T hae 
IIc 0.5 
===pH=== 

WAT CaCl 

Slot! iG 7/ 

4.8 4.5 

4.8 4.6 

4.9 4.6 

4.9 4.4 

5.0 4.6 

5.1 4.6 

5.6 5.1 

6.5 6.0 

7-6 7.1 


Licking Silt Loam (Watershed M09) 


COUNTY 
DATES 


0.4 0.8 1.4 
0.5 1.0 1.7 
0.8 1.5 2.1 
Woz 20 meek 
0.6 9.9 5.0 
0.7 0.90 7.7 
0.4 0.9 2.7 
1.3 0.0 $5.1 
yey etl F573 
0.4 1.0 1.9 
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8 MUSK 
2/77 


H 


INGUM 


44.7 10.6 69.8 
45.0 9.9 48.7 


42.1 9.9 66.3 


Description and Characterization Data 


TEX 


T 


=) —-CUAV—-—sCEASS 


FI 


11.6 
11.6 


13.4 


36.7 10.0 54.3 20.1 


29 eI, (Det Alas ees, 


28.6 10.1 40.8 26.6 


37.3 15.0 45.7 


19.3 


35.0 15.4 41.9 22.9 


43.8 16.8 32.1 


53.4 21.9 58.6 


Ca Me 
Ur 2 1.5 
7.0 Neuss 
71 Par! 
10.0 5.3 
16.0 3.3 
19.2 9.1 
22.4 10.1 
28.6 10.4 
alee Oot 


10.6 


é&.5 


TOT 


27.1 
27.5 
23.4 
38.7 
Si.2 
492 
50.7 
49.0 
42.5 


36.9 


SLM 


$1 
39 


Table A-10. Description and Characterization Data for 
Brookside Silty Clay Loam (Watershed M09) 


SOIL TYFE: BROOKSIDE SILTY CLAY LOAM COUNTY: MUSKINGUM SITE: mMS-15 
PEDON CLASSIFICATION: FINE.MIXED.MESIC. TYPIC.HAPLUDALF 
LOCATICN: 1500.FT.S.AND.1300.FT.W.OF. THE.NE.CORNER SEC. 17 T.1ZN R.11W 


PHYSIOGRAPHY! SIDESLOPE, FOOTSLOPE ELEVATION: 1010 
TOPOGRAPHY: MODERATELY SLOPING % SLOPE: ASPECT: SE 
DRAINAGE: WELL VEGETATION: WEEDS 
COLLECTORS: SMECK/HALL/RIDDLE DATE: 2/77 


PARENT MATERIALS: COLLUVIUM, ,; 


HORIZON DEF TH 
IN 
AP OL=-F 
10YR4/2-SILTY CLAY LOAMs MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTUREs COMMON ROOTS$ 
CLEAR SMOOTH BOUNDARY. 
B2 re BUI 
1OYR4/3-SILTY CLAY’ MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTUREs FEW ROOTS 
CLEAR SMOQCITH BOUNDARY. 
B3T W—27, 
10YR4/4-SILTY CLAY’ WEAK FINE SUBANGULAR BLOCKY 
STRUCTUREs FEW ROOTS3 
THIN VERY FATCHY 10YR3/4 ARGILLANS ON FACES3 
CLEAR SMOOTH BOLINDARY. 
IIAB 27-39 
10YRS/4-SILTY CLAY LOAMs MODERATE MEDIUM SUBANGULAR BLOCKY 
STRUCTURES FEW ROOTS: 
MEDILIM VERY FATCHY 10YR4/4 ARGILLANS ON FACES: 
CLEAR SMOOTH BOUNDARY. 
IIBZ1T 35-43 
10YR5/4-CLAY$ 
WEAK FINE SUBANGULAR BLOCKY STRUCTUREs 
THICK VERY PATCHY 10YR4/2 ARGILLANS ON FACES$ 
THIN VERY FATCHY 10YR4/4 ARGILLANS ON FACES; 
CLEAR SMOUTH BOUNDARY. 
TIB22T 42-49 , 
1O0YRS/4-CLAY3 
WEAF FINE SUBANGLILAR BLOCKY STRUCTURES 
THICK VERY PATCHY 10YR4/2 ARGILLANS ON FACES: 
THIN VERY FATCHY 10YR4/4 ARGILLANS CN FACES 
ABRUPT SMOOTH BOUNDARY. 
TICicA 49-33 
10YRG/3-SILTY CLAY LOAM; 
WEAK FINE SUBANGULAR BLOCKY STRUCTURES 
FEW 10YR3/4 FERRO-MANGANS CGN FACESS 
ABRUPT SMOOTH BOUNDARY. 
IIC2CA S3-SY 
L1OYRéE/3-SILTY CLAY LOAMs FEW FINE FAINT 10YR6/46é MOTTLESS 
WEAK COARSE PLATY PARTING TO WEAK FINE 
SUBANGULAR BLOCKY STRUCTURES 
FEW 10YR:3/4 FERRO-MANGANS ON FACES: 
ABRUPT SMOCTH BOUNDARY. 
IIIAB S?-64 
10YR4/2-SILT LOAMs MODERATE COARSE PLATY 
FARTING TQ MODERATE FINE SUBANGULAR BLOCKY STRUCTURES 
CLEAR SMOCTH BOUNDARY. 
IITICiICA 64-67 
10YRé/3-SILTY CLAY LOAM: 
WEAK MEDIUM SUBANGULAR BLOCKY STRUCTURES 
CLEAR SMOCTH BOUNDARY. 
TIIC2CA 67-74 
10YR6/3-SILT LOAM: FEW FINE FAINT 10YRS/& MOTTLES: 
MASSIVE 
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Table A-10 (Cont'd). 


Description and Characterization Data 


for Brookside Silty Clay Loam (Watershed M09). 


SCIL SERIES: BROOKSIDE COUNTY: MUSKINGUM 
SITE: MS-15 DATE: 2/77 
DEPTH HORIZON CQ —---=----PARTICLE SIZE DISTRIBUTION (%<2mm)-------- TEXT 
IN FRAG) jane me om SON reas oP (S| fica --CLAY-- CLASS 
Z>2mm VCC M FI VFI TOT FI VF TOT FI TOT 
0-7 Ar 5.0 4.0 2.4 11.3 11.5 29.2 Si.2 11.3 39.5 12.7 sles CL 
SONY 1K 9.1 4.4 4.1 7639 13.4 23.2 -26.50 928 34.3522.0, 42°55 c 
17-27 B3ij 0.1 0.5 0.2 1.6 3.7 6.0 27.0 12.1 34.4 30.3 57.46 c 
27-25 LIAB 0.4 1.4 1.4 12.1 17238 S102 20057 Goch 272 20g 7 sso CL 
35-43 TTB21h 0.0 0.1 O.3 3.0 3.6 7.0 26.0 11.3 30.2 31.7 62.3 Cc 
43-49 IIBZ2 O.1 0.4 0.1 0.2 0.4 1.1 36.7 12.6 38.3 22.7 60.6 c 
49-S3 TICACA 2.0 3.6 0.5 0.6 0.5 S.2 47.5 23.38 48.6 17.9 44.2 SIC 
So-S9 TICZCA en 2.4 0.6 O<.6 0.7 4.5 57.3 31.5 56.2 12.3 37.3 SICL 
397-64 IITIAB O.1 0.6 0.4 1.8 3.4% 67 S1.7 22.0 53.2 4.Z2 35.1 SICL 
44-47 ITICICA 0.3 1.2 0.4 0.7 0.% 3.2 52.4 29.0 36.2 3.8 40.4 Sic 
67-74 IITICZCA 0.2 2.9 O17 1.1 1.1 5.8 54.8 27.0 56.7 Jez 37.5 SIclL 
“DEPTH 9 —--PH=-- ORG ------EQ,%------ ----EXCH CATIONS MEG/100s--- BASE 
IN WAT CaCl Cc CALC DCLQ CARE H Ca Ms kK SUM SAT»% 
On 3-7 %S& 1.28 &.7 18.0 3.4 0.66 30.% al 
Ber, 5.7 5.4 O.81 6.3 24.0 3.7 O.73 35.0 o1 
17-27 Vie Ol O ay 27 me Clerk too 1oO.t 
2 3e 7.2 64 O.21 3 0.7 1.5 1.3 29.3 2-5 0.63 34.2 74 
35-43 6.9 67 90.25 0.3 0.3 0.7 1.8 33.7 2.9 0.80 39.2 95 
43-49 7.4 6.9 O.16 %.8 1.1 11.0 
49-Ss 7.7 7.1 1.48 46.8 1.7 46.4 
33-59 Ua vor 3.4 2.2 7.3 
539-64 7-6 7.23 zZ.e 0.7 3.6 
64-67 7.3 7.4 37.3 3.2 40.7 
67-74 Ue ars 38.3 3.5 42.1 
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Table B-l. 


Table B-2. 


Table B-3. 


Table B-4. 


Physical 
Physical 
Physical 


Physical 


APPENDIX B 


and Chemical Data 


and Chemical Data 


and Chemical Data 


and Chemical Data 


= 339 - 


for Geologic Core 
for Geologic Core 
for Geologic Core 


for Geologic Core 


SLAGUD 


at MO9. 


Atel ae 


at 00% 


ech OAS Bs 


Table B-l. 


Physical and Chemical Data for Geologic Core at C06 


PARTICLE SIZE DISTRIBUTION (PERCENT) 


SAND (mm Sie CLAY 

Elev. SAMPLE VERY VERY TEXTURAL 
CET) DESIG. COARSE COARSE MEDIUM FINE FINE TOTAL FINE COARSE TOTAL FINE COARSE TOTAL CLASS 

1-2 S52) P2555 h.1-.25.05-1 205-272-207) 20-50 2-50u anes eee 2 
943.1 6B 0.5 1.3 O.4.°0.5 ) 3085 — 3.2) 87056 4120) "695 GP eee ae sicl 
938.6 6C 1265 20.5 7.6..10;30 -£.9.. 55.0 17:4 2.4 192) (4 2a Ome eS scl 
937.1 7 -- -- -- = -- -- -- = -- -- -- -- COAL 
934.1 8A 5.0 8.9 Avo 15.8." 1905 754.217 19-3 1503 34-6 Moers Lb 2 sl 
930.1 8B O.1 0.1 G20 025 85 29 687 5524. 9659 F722 WoeisS 2 48-0 sil 
923.1 9 0.4 0.7 O64 “4.0015 e5- 211 74122 1758) 5970) ee ely 19.9 sil 
915.1 10 3.8 6.9 126 58 121.3 28 26 23789 16.22) S540 Poe 172.3 sil 
908.1 11 ee ee) 1.9) 10.85 16,3. 3324 3405 16.0. 950" 25 eros 16.0 sil 
898.1 Wye BOA 5.4 659° 44.4 16:6 s7527 29.8 “6:6, Gl6.4- 2.0mm 6.5 7.8 sl 
890.1 12Re. G75 126 le 68 “Vle8 - 184 5520 “2064 1155. 63 eo ie Olek 1 ee oe sl 
$5521] CO6-14) 1.2 Dee 0.62 Wed) Jol $12 S6 25266118 4 710m oe One eo sil 
795.0 17 nak 13.9 6-9. 16.0 15-8 =58%1' 9.20.6511.8 632.46 10eCum S56 9.4 sl 
TLRS) 18 as -- --° -- -- -- == i Oe aie ae Ze COAL 
773.0 19 Osa 0.2 022: 0.5-. 129 "2.9" 64.1 1085 = 7446 us ee ee sil 
768.5 20 0.0 On? O: O.7ee tel 262 61,8 -1,0° 6048. 4. O58 ee o700 sicl 
767.0 21 291 26.5 922" 1335-55. 22: = 86Y4 211i 3 = 15 lees 0 2 Ono 0.8 S 
765.0 22 -- -- -- -- -- -- -- -- =e -- -- -- COAL 
764.0 rs Ss an Sot a be a: = ep Bee ee 3 ae COAL 


=e 


Table B-L (Cont'd) Physical and Chemical Data for Geologic Core at C06. 


SAMPLE pH pH TOTAL CAL- DOLO- Caco 
DESIG. Let LZ SULFUR CITE MITE EQUIVA - ROCK DESCRIPTION 
(H90) (€aCcl,) vA vi % LENT % 

C06-4 On / 6.7 1.4 = es - Grey Siltstone 
CO06-6A 6 a: De) 5.4 =I sie a Varigate Shale 
CO6-6B Ti 659. 0.4 “= a= as Grey Shale 
C06-6C 2 $5 eG 6.0 ve rs == Grey-Black Clay 
COO~7 Saal Spay yaad! ae = at #6 COAL 
C06-8A O24) Vie) O72 Om 0.8 0.9 Underc lay 
C06-8B 7 Sh tS 0.2 OA. Pee. det Underc lay 
C06-9 oa2 Tao: 0.03 Oo 220 233 Grey Silty Shale 
C06-10 TS US. Ont Oi 4 12.0 S21 Black Carbonaceous Shale 
C06-11 8.2 7.8 0.02 On, Heo ey Grey Silty Shale 
CO6-12A 7.4 TO Ow =Ore A, 2@5 Grey Thinly bedded sandstone 
C06-12B hos Gao OveZ ae == an Grey Black Sanstone 
C06-14 8.4 Desi 0.02 0.0 0.9 iO Grey Siltstone 
17 74 750 0.2 0.2 Sif: 6.2 Li’ Grey?SS*wW/ Carb. Silty Shale 
18 4.9 Baek S55 = 5S COAL 
19 6.6 6.4 0.4 as == airs Grey Sandstone 
20 alt 4,1 he) = = Is Clay 
ot To CAS) 0.3 1055 14.7 86.4 Dark Limestone 
22 oe 735 1.0 0.4 La yaa COAL (Bedford) 
23 8.4 Tan 0.8 0.0 Oie3 (0.4 COAL (Shale) 


wh eo 


Table B-2. 


PARTICLE SIZE DISTRIBUTION (PERCENT) 
a a 


SAND (mm 


Physical and Chemical Data for Geologic Core at MO9. 


S 


con 


ELEV. SAMPLE VERY VERY TEXTURAL 
(Ft.) DESIG. COARSE COARSE MEDIUM FINE FINE TOTAL FINE COARSE TOTAL FINE COARSE TOTAL CLASS 
daz Beg Ee ace or at JOC gn Sl eta 2 Oe? a5 Umea) geeeneae 2 
ee EE eee ee eee eee ee ee 
LLO7e FOO=2ZA- 1058 1G=7 we0 Lame ye 2 ate pte aad Cllecas Ne eco eae Nl f 1. OSaaGRG 7.4 sl 
LiOie —"25 PRE: 7.8 251 gayle hae gh 13. OM wot e2 Pario2. 3 2a: Le? Fay24 or sil 
1697--=2¢ Oe 0.4 0.3 Le ea 6.2 64.4 8.4 72.8 202, ek8eS syZisO sil 
1096, 2D On? eZ Teel De elie $36 “61.4 6.3) a Ose) PAS ie PINs ele 8 5 | sil 
1095.4. 3 1.6 4.0 1 129 1.0 10.4 47.4 1.6 49.0 4.4 36.2 40.6 sicl 
10948 14 0.4 LL 9 Vogl ede oO oT Pe RAS ea 4.9% 60.0 2.4 .24.6 . 2741 sicl 
1093 5 See eee A ee O24 Oe} or, 6 G5 .65— J a2 EGZ= 625 On a 5-9 ls 
1090 + 6A 137 4.3 PeSe “2s 0 27.9 EZ 32m O02, 4.0 64.1 13.8 21s Obs Zon sil 
1085 6B 1.2 Ae O02) -eteOh ad 15.00 (35540 Ll le 6606 151 6s4 17.6 sil 
1079 6C 1.8 ono U6.) OND On? ee ek aa! S36 7620 Wee had Boy: Lye? sil 
1075 6D 4.6 1.5 B24: 2cOie BOS 22-6530 148.49 Oza 4920 se setoes:. 2060 cH 
1069 6£ 2600 2759 9595 12.9 > 2S SiO w9.0 2572 11S] O26 7-650 6.6 ls 
1059/8 . |68 2.8 3.4 L.2, 245 kiy.4 14.3 6106.9 75085 68-4 1. 9: 15.4 i722 S25 
1044 6G 5.4 24 10.0" Ske 92.5 D2 J eZ0 SAN Sa ee 5.9 1925* (2428 scl 
1035063 «26H 0 7.8 On On Oeciort/ 26599 35408 Th oleate Toe OF S119 [37e8 El 
1031 7 18.6 2551 GO 1 Ornelas 73i.0 BO 1 GS felt h 2) 30.geni clone 25 Owe. er 8.5 sl 
1014 8 20 8.7 SD, wes ees Bae 70k ) O10 5 GL eh? SRE Paes) sy S 
99ITIS UY 8.6 10;,.6) B45 “GEZw 2223 PRS CES Sos an PAR! ea oe LT ie 4,128.8 33.0 cl 
994 10 = * * = e - = = 2 2 = = COAL 
O97 AL i 0.3 0.6 0.4 1.0 rae 3.00865, ead, GO eee OOO Deve Oo sien sicl 
988 12 0.8 09 0.5 ee 1.7 54a) 00.0. (828 77.6 27. G2 a5 Lied sil 
982 Psa, Ses 27.8 Oe 6—1048-—+3',-7 82..5-9210,.0 oe. 11.3 0-85.44 Gee ls 
965 14 eae gy) Ng prea te W Pee BaD he if Hist Ohman ERD 71.4 de Sel 7 89 26 sil 
94,7 Bs) 9.2 9.9 2 ead, wo 6.6 S14 SG20 17e0nrass 0 on conan 5 Sut 
936 i7 1.4 ieee Oe 1.4 1.4 5-9 6Sovs. 26466" 6555 Ted ee ale aeRO Sic# 
933 18 6.4 io) 1S GES: IE: a ey PAT SRS OG Ts ey Sey) 5 ORS ay 2 ae a ay | scl 
926 L9 13.8 L2e33 Dit Li) On meres Ee Wie Pe aay | 5.8 45.6 AE Rs Ne We es re 1 
91259 320 - = - = = = - = = : 8 3 COAL 
Oia 1.4 aaa Too 2 a ae, 17-0 47.0 678-455.78 CO eG ee ee sic! 


Teves 


Table B-2. (Cont'd) Physical and Chemical Data for Geologic Core at MO9. 


SAMPLE _ pH pH TOTAL CAL- DOLO- Caco 


DESIG. 1 Tez SULFUR CITE MITE EQUIVA - ROCK DESCRIPTION 
(Hy0) (CaCcl,) bo to to LENT 7% 

2A 8.0 Tao 0.06 1.0 0.5 15 Tar - Yellow Quartz Sandstone 
2B S20 hod 0.01 0.4 0.8 eZ Red Clay Shale 
ZG 8.0 7.8 0.03 1s LG 17.0 Black Clay Shale 

2D eee! Lah 0.03 10.0 2.0 12-21 Red Clay Shale 

3 871 Theké, 0.06 O.3 wey! att Coaly Shale 

4 Set 7.8 0.04 eo 0.6 3139 Grey Underclay 

5 8.4 7.8 0.1 TERE) 16.3 91.6 Grey Limestone 

6A 33.5 7.8 0.03 55.0 6.8 60.4 Pink Shale 

6B Bel TiS) GalS 24.1 1.8 26.0 Bark Red Shale 

6C 8.2 8.0 0.05 eZ ley 3730 Green Grey Shale 

6D 35 8.0 0.02 Les 1120 Bde Dark Red Shale 

6F 90 139 . 68 0.2 O35 0.8 Green Grey Shale 

6G Seat 8.3 0.02 ahs 7 101 ie a2 Dark Red Shale 

6H Sy, 8.5 JZ 26 1.0 Brel, Dark Grey Shale 

if bi 8.8 0.03 58.5 14.5 74.2 Grey Limestone 

8 Shoal 8.0 0.08 Revs 0.9 Perth Green Sandstone 

") 6.0 6.0 652 =e om ae Carbonaceous Shale 
10 Sis 7 Val 3.4 0.4 ory 338 Coal 

ibe 8.8 8.6 AAS 4.3 5.6 10.5 Grey Underclay 

ibs 9.2 9.0 1.4 3 76 341 Grey Shale 

13 923 8.4 0.1 70.0 15.0 86.2 Limestone 

14 936 Sal oy 0.6 1.0 ipsile Grey Shale w/ Pyrite 
15 9.4 8.3 Oe 1 Or 4.0 4.2 Grey Sandy Shale 

Lf. 9.3 B50 0.8 528 ree rd Grey Underclay 

18 OnZ 9.1 Og! 8.4 10.6 19:58 Red-Green Shale 

19 9.4 8.4 0.05 OsL Geo. 7.6 Grey Siltstone 

20 so. Dal 8.6 am <i = Pitt #8 Coal 
21 oe 8.6 Meee 38.8 720 46.4 Underc lay 


77s 


Table B-3. Physical and Chemical Data for Geologic Core at Jll. 


epth SAMPLE 


SAND (mm) SILT Ge) GIAY € ) 
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Table B-3.(Cont'd) Physical and Chemical Data for Geologic Core at Jll. 


SAMPLE pH pH TOTAL 
DESIG. Lest bez SURFUR 
(H, 0) (CaCl, ) Wf 
op ldlecss fhe 7.4 0.85 
4 657 6.5 1.4 
5 4.3 4.2 te A) 
9 130 7.4 Va 
10 633 622 pap 
ik O5/ Lag 0.24 
LZ Siac 8.3 | 0256 
19 Saxe Uk: 1.60 
ZZ 9.6 B22 O2L5 
Zo 9e1 8.8 1529 
26 7.4 P0 5416 
Zi, 8.5 8.0 0299 
JLL=28 eyeat Syae, tS 
a] ay 4.7 ro 
38 Sg) mee | 3.4 
oe) 8.6 oee es 8) 


CAL- 
CITE 


to 


os 


me) 


DOLO- 


MITE 
to 


CaCO, 


EQUIV. 
to 


6.2 


ROCK DESCRIPTION 


Grey Micaoeous Sandstone 
Waynesburg #11 Coal 

Dark Grey Coaly Clay Shale 
Grey Shale w/ Limestone 
Uniontown #10 Coal 
Carbonaceous Shale 

Black Grey Shaley Limestone 
Shale, Siltstone and marly Limestone 
Black, Grey Limestone 

Shale 

Sewockley #9 Coal 


Coaly Shale 
Grey Shale and Siltstone 


Pittsburg #8 Coal 
Coaly Shale 


Grey Black Limestone 
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Table B-4. Physical and Chemical Data for Geologic Core at JO8. 


PARTICLE SIZE DISTRIBUTION (PERCENT) 
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(Et) DESIG. COARSE COARSE MEDIUM FINE FINE TOTAL FINE COARSE TOTAL FINE COARSE TOTAL CLASS 
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Table B-4. (Cont'd) Physical and Chemical Data for Geologic Core at JO8. 


SAMPLE pH pH TOTAL CAL- DOLO- Caco 
DESIG. Gag | EeZ SULFUR CITE MITE EQUIV. ROCK DESCRIPTION 
(Hy0) (aClo)  % i % % 
J08-4 8.0 7.8 0.17 2500 4.0 29.3 Olive-Grey Shale and Siltstone 
10 8.5 Oak 0.24 23%5 4.1 27:9 Olive-Grey Shale 
i2 S25 8.0 O72 61.6 One 68.8 Olive-Grey Shale and Limestone 
14A 8.6 our 0.74 Sees) 8.8 42.9 Grey Shales and Limestone Nodules 
14B oie | 1.9 0.80 Lizo 3.8 22a Grey Shales and Limestone Nodules 
iS 7.4 Thea Sires) aa ae =< Sewickley #9 Coal 
16 So7 7.8 0.66 ee U 029 Grey Sandstone, Silt Banded 
17 9.4 8.1 0.61 23501 Se 34.2 Grey Carbonaceous Shale 
18 6.4 6.6 1.34 a ie a Grey Carbonaceous Sandstone 
20 9.0 8.0 0.24 59.1 6.4 66.0 Grey Limestone and Shale 
fal 9.4 9.1 0.04 3a2 Bra0 LO Green Shale, Coaly Base 
Pa) Sed. 8.1 NeSoh! Fok 6.7 14.4 Black Calcareous Shale 
JO08-26 5.4 Den. 12.0 == — a Coal 
fed a4 4.7 9.6 = a ie Coaly Shale 
28 5.8 Su0 3.0 -- -~ -- Pittsburg #8 Coal 


29 Toe (he) SLs -0.2 0.6 Om Grey and Green Shale 
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